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Chapter 1. General Introduction 
The soybean cyst nematode, Heterodera glycines, is an obligate biotrophic parasite of 
soybean, which can be found in most soybean growing areas. Currently, H. glycines has 
become the most severe pathogen of soybean, causing substantial damage of nearly $800 
million annual loss in the U.S.A alone (Wrather et al. 2001). Therefore, there is interest in 
understanding the molecular mechanisms underlying the interactions between cyst 
nematodes and host plants in order to better manage this parasite using genetic methods in 
the fields. The model plant Arabidopsis is successfully parasitized by the sugar beet cyst 
nematode (Heterodera schachtii), a close relative of H. glycines (Sijmons et al. 1991), and 
thus, this pathosystem provides powerful opportunities for molecular dissection of the cyst 
nematode-plant interactions.  
Cyst nematodes have evolved morphologically and physiologically for successful 
plant parasitism. These adaptations include the stylet and three secretory gland cells. The 
stylet is a hollow, protrusable mouth-spear, which is able not only to pierce plant cell walls 
and help nematodes migrate into plant roots, but also is used to inject secretory proteins into 
plant cells from the esophageal glands. Three secretory glands, one dorsal and two subventral, 
produce parasitism proteins functioning as effectors delivered via the stylet during different 
parasitic stages (Davis et al. 2004).  
Cyst nematodes are sedentary endoparasites. In a typical cyst nematode life cycle, 
infective second-stage juveniles (J2) hatch from eggs in the soil and migrate to host plant 
roots by perceiving root exudates (Grundler et al. 1991). With the help of the stylet and the 
secretions from the glands, they penetrate and migrate intracellularly through the root cortex 
until they reach the vascular tissue (Wyss and Zunke 1986). After selecting a competent cell, 
cyst nematodes become sedentary and keep injecting secretions into this cell to induce 
formation of feeding sites (called syncytia) (Hussey et al. 2002). With feeding, the parasitic 
nematodes swell and molt three more times to develop through two juvenile stages (J3, J4) 
and eventually become adults. Only males regain mobility and move out of the roots. 
Females continue feeding and swelling. After being fertilized by males, females start to 
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produce hundreds of eggs. Most of these eggs stay inside the female bodies; only a small 
proportion is released into the gelatinous matrix secreted by females. The female body 
hardens and finally forms a cyst around the eggs after the female dies. The cyst protects the 
eggs until suitable conditions for the next generation to hatch (Endo 1964, Wyss et al. 1992).  
Depending on environmental conditions, it takes approximately 30 days to complete the cyst 
nematode life cycle.  
Feeding sites (syncytia) are the only nutrient source for cyst nematodes to complete 
their life cycles. Therefore, the establishment and maintenance of syncytia are exceptionally 
important. These processes are tightly regulated by cyst nematode secretions (Davis et al. 
2008).  Many different approaches, like the analysis of expressed sequence tags (ESTs) from 
potato cyst nematode (Jones et al. 2003, 2004, 2009, Popeijus et al. 2000), the direct 
identification of secretion proteins from the stylet (De Meutter et al. 2001, Robertson et al. 
1999) and analyzing gland cDNA libraries constructed specifically by microaspiration of 
gland cell contents (Gao et al. 2001), have been taken to identify these secretory components. 
Further investigations have shown that some parasitism proteins have putative nuclear 
localization signals (Gao et al. 2003), which suggests that cyst nematodes may possess the 
ability to steer plant gene expression directly. Extra evidence in support of this hypothesis is 
a ubiquitin extension-like protein from the H. schachtii dorsal gland (Tytgat et al. 2004) and 
several H. glycines secretory proteins (Elling et al. 2007) that are translocated into plant 
nuclei. 
Among the parasitism genes identified by the different techniques, some genes are 
similar to known sequences in the Genbank database, such as cell-wall degrading beta-1,4-
endoglycanases (Gao et al. 2004, Rosso et al. 1999, Smant et al. 1998, Wang et al. 1999), 
pectate lyase (Popeijus et al. 2000), and chitinase (Gao et al. 2002). In addition, a chorismate 
mutase-like gene from the H. glycines esophageal glands has chorismate mutase activity, 
which is involved in the synthesis of aromatic amino acids, phytoalexins and auxin through 
the shikimate pathway (Bekal et al. 2003). However, most of the known parasitism genes 
have no similarity with known sequences in the databases, which makes parasitic nematodes 
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unique and provokes interest to characterize their functions during parasitism (Gao et al. 
2001, 2003). Recently, progress has been made to functionally characterize parasitism 
proteins using different genetic approaches. Since methods for genetic modifications of 
plant-parasitic nematode are unavailable, RNA interference (RNAi) technology has been 
adopted. Target-specific RNAi of different plant-parasitic nematode genes has been 
accomplished in two different ways. One is in vitro soaking of nematodes in solutions 
containing complementary double-stranded RNA (dsRNA), which has silenced a number of 
nematode genes (Bakhetia et al. 2007, Lilley et al. 2007).  The other alternative method 
relies on nematodes taking up plant-derived dsRNA targeted to nematode parasitism genes 
(Huang et al. 2006, Patel et al. 2008, 2010, Sindhu et al. 2009).  Since cyst nematodes 
successfully manipulate the plant machinery to build their own nutrient source, the strategies 
they use could be mimicking plant signaling peptides or interacting with plant proteins and 
physiologically changing endogenous pathways. Several lines of evidence support these 
suggestions.  Olsen and Skriver (2003) proposed that the H. glycines secretory protein 
SYV46 might be the mimicry of the plant ligand protein CLAVATA3/ESR-related (CLE) 
due to the sequence similarity of both proteins. Transgenic Arabidopsis constitutively 
expressing SYV46 or CLV3 have very similar morphological phenotypes.  In addition, SYV46 
could complement clv3 mutant phenotypes (Wang et al. 2005). The evidence indicated that 
nematode delivered its own CLE-like propeptides to the cytoplasm of syncytial cells and this 
peptide is processed and trafficked out of the cell and functions as a ligand (Wang et al. 
2010). Most nematode parasitism proteins are thought to be secreted to and function inside 
plant host cells. It is reasonable to assume that they could bind to plant host proteins to 
manipulate host gene expression. Therefore, yeast-two-hybrid as another alternative 
approach has been conducted to identify host proteins interacting with cyst nematode 
parasitism proteins. Overexpressing nematode parasitism genes in host plants has been 
conducted as well to investigate the potential involvement of cyst nematode parasitism genes 
in the interactions, such as a cellulose-binding protein of H. schachtii, which interacts with 
Arabidopsis pectin methylesterase to modify cell walls during parasitism (Hewezi et al. 2008) 
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and the secretory 10A06 protein, which binds to Arabidopsis spermidine synthase 2 to 
increase antioxidant protection and perturb salicylic acid signaling (Hewezi et al. 2010).   
On the other hand, the compatible interaction between the cyst nematode and plant 
host involves root morphological and physiological changes, which lead to syncytium 
formation.  The syncytium is a very sophisticated structure, whose formation starts with a 
single competent cell (Magnusson and Golinowski 1991). After “communication” between 
the cyst nematode and the plant host, the plant plasmodesmata widen gradually, which causes 
partial cell wall dissolution and neighboring cells join together. As this process continues, 
hundreds of neighboring cells fuse with each other and the feeding sites expand within the 
stele along the xylem vessels (Jones, 1981).  The dramatic morphological changes of host 
root cells include enlarged nuclei, proliferation of smooth endoplasmic reticulum, ribosomes, 
mitochondria and other organelles (Gheysen and Fenoll 2002, Williamson and Hussey 1996).  
Besides the morphological alterations, the syncytium exhibits elevated metabolic activity to 
produce more nutrients for cyst nematode development (Mazarei et al. 2003, Williamson and 
Hussey 1996).  
Several lines of evidence showed that phytohormones play an important role in 
response to cyst nematode infection and syncytium formation.  GUS activity has been 
detected in syncytia when fused with auxin-responsive plant promoters (Karczmarek et al. 
2004, Mazarei et al. 2004). Using auxin-insensitive tomato and Arabidopsis mutants, 
Goverse et al. (2000) demonstrated the direct involvement of auxin in feeding site formation. 
Grunewald et al. (2009) further demonstrated that several PIN auxin transporters play 
different roles during syncytium initiation and development. Disturbing ethylene signal 
transduction pathway hampers successful cyst nematode parasitism, which has been observed 
by Goverse et al. (2000) and Wubben et al. (2001). In addition, Wubben et al. (2008) also 
discovered that salicylic acid inhibits H. schachtii parasitism of Arabidopsis. 
Cyst nematode development completely depends on the syncytium, which creates 
great interest in unveiling the molecular mechanism behind its formation and maintenance in 
order to develop genetic strategies controlling this pathogen. Different molecular approaches 
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have been applied to identify and characterize host genes with altered expression during cyst 
nematode infection, which include differential display of mRNA (Hermsmeier et al. 1998), 
promoter-GUS reporter gene fusion (Mazarei et al. 2003), and in situ reverse-transcription 
polymerase chain reaction (RT-PCR) (Vaghchhipawala et al. 2001).  Genes identified from 
these studies, such as transcription factor PYK20 (Puzio et al. 1999, 2000) and WRKY23 
(Grunewald et al. 2008) from Arabidopsis, and GmEREBP1from soybean (Mazarei et al. 
2002, 2007) have been demonstrated to be involved in syncytium formation.  
However, relatively little functional information has been gained from these methods. 
Recently, microarray technology has been broadly applied using Arabidopsis roots infected 
with H. schachtii (Puthoff et al. 2003) and soybean roots infected with H. glycines 
(Alkharouf et al. 2006, Ithal et al. 2007a). More recently, DNA microarrays combined with 
laser capture microdissection (LCM) or microaspiration technology has been used as well 
(Ithal et al. 2007b, Klink et al. 2007, Szakasits et al. 2009). Numerous differentially 
expressed host genes have been identified from these studies.  The main biological process 
categories associated with syncytium formation are transcriptional signaling, cell wall 
modification, wound, stress, defense response, cellular metabolism, hormone response and 
photosynthesis. The potential functions of differentially expressed host genes in cyst 
nematode parasitism are of prime interests. Many approaches could be used, such as 
promoter GUS assays, loss-of-function mutants (i.e. T-DNA or transposon insertional 
mutants) and gain-of-function mutants (overexpression lines), to further characterize these 
genes.  
Gene expression profiling of syncytium-enriched plant roots (Puthoff et al. 2003) and 
of feeding cell contents isolated by laser-capture microdissection (Klink et al. 2007) or 
microaspiration (Szakasits et al. 2009) revealed that genes for regulatory proteins made up a 
significant proportion of the differentially expressed plant genes. This observation implies 
that regulatory proteins, particularly transcription factors, are key contributors to these gene 
expression changes and that alteration of their expression is one of the mechanisms 
responsible for steering plant cells into ectopic developmental pathways. Published data 
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implicate bHLH transcription factors in various critical plant developmental processes, such 
as photomorphologenesis, brassinosteroid regulation of cell elongation and stomatal 
formation. Of particular curiosity is the apparent active manipulation of cellular development 
by the nematode to construct a novel network of regulatory gene expression, for instant, 
bHLH transcription factors, thus forcing plant cells into the formation of a completely novel 
plant organ, the syncytium. 
The peroxidase superfamily is divided into three distantly related structural classes 
(Welinder 1992). Class I encompasses intracellular proteins and can be found in most living 
organisms but not in animals. These peroxidases function mainly in detoxifying excess H2O2 
(Shigeoka et al. 2002). Class II peroxidases are found exclusively in fungi and mostly act in 
degrading soil debris (Martinez et al. 2005). Class III peroxidases (EC 1.11.1.7) are found in 
land plants and contain amino-terminal signal peptides for secretion to the cell wall or 
vacuoles (Duroux and Welinder 2003, Hiraga et al. 2001, Tognolli et al. 2002). Some of 
these enzymes have been shown to be involved in a wide range of physiological and 
developmental processes, which include cross-linking of cell wall components during cell 
wall formation and modification (Brownleader et al. 1995, Fry 1986), lignification 
(Marjamaa et al. 2009, Ostergaard et al. 2000), suberization (Bernards et al. 1999), and auxin 
catabolism (Cosio et al. 2009).  
The following chapters in this dissertation describe 1) The effects of salicylic acid on 
cyst nematode parasitism, 2) functional characterization of the two basic Helix-loop-Helix 
(bHLH) transcription factors 25 and 27 during H. schachtii infection and 3) the function of 
the secreted class III peroxidase 53 in cell elongation and H. schachtii infection. 
Dissertation Organization 
Following this general introduction (Chapter 1), this dissertation is organized into 
three research chapters (Chapters 2 through 4) and a general conclusion section (Chapter 5): 
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Chapter 2 describes the influence of salicylic acid on cyst nematode parasitism of 
Arabidopsis thaliana and the elicitation of pathogenesis-related gene expression in 
Arabidopsis roots. The findings have been published in Molecular Plant-Microbe 
Interactions by Wubben, M., Jin, J., Baum, T.J. (2008; 21: 424-432). Jin, J. analyzed the 
temporal expression patterns of pathogenesis-related (PR) genes following cyst nematode 
infection by quantitative real-time RT-PCR.  
Chapter 3 presents the characterization of two Arabidopsis basic Helix-Loop-Helix 
(bHLH) transcription factors during H. schachtii parasitism.  The findings will be submitted 
for publication by Jin, J., Hewezi, T., Baum, T.J. Jin, J. performed all experiments and 
analyzed the results. 
Chapter 4 describes the characterization of the Arabidopsis class III peroxidase gene 
53, which showed strong involvement in the early stages of H. schachtii infection. These 
findings will be submitted for publication by Jin, J., Hewezi, T., Baum, T.J. Jin, J. 
conducted all experiments and analyses.  
Chapter 5 summarizes this dissertation and describes general conclusions and also 
includes the recommendation for future research.  
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Abstract 
Compatible plant-nematode interactions involve the formation of an elaborate feeding 
site within the host root that requires the evasion of plant defense mechanisms by the parasite.  
Little is known regarding plant defense signaling pathways that limit nematode parasitism 
during a compatible interaction.  Therefore, we utilized Arabidopsis thaliana mutants 
perturbed in salicylic acid (SA) biosynthesis or signal transduction to investigate the role of 
SA in inhibiting parasitism by the beet cyst nematode Heterodera schachtii.  We determined 
that SA-deficient mutants (sid2-1, pad4-1, and NahG) exhibited increased susceptibility to H. 
schachtii.  In contrast, SA-treated wild-type plants showed decreased H. schachtii 
susceptibility.  The npr1-2 and npr1-3 mutants, which are impaired in SA signaling, also 
showed increased susceptibility to H. schachtii, whereas the npr1-suppressor mutation sni1 
showed decreased susceptibility.  Constitutive pathogenesis-related (PR) gene-expressing 
mutants (cpr1 and cpr6) did not show altered susceptibility to H. schachtii; however, 
constitutive PR gene expression was restricted to cpr1 shoots with wild-type levels of PR-1 
transcript present in cpr1 roots.  Furthermore, we determined that H. schachtii infection 
elicits SA-independent PR-2 and PR-5 induction in wild-type roots, while PR-1 transcript 
and total SA levels remained unaltered.  This was in contrast to shoots of infected plants 
where PR-1 transcript abundance and total SA levels were elevated.  We conclude that SA 
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acts via NPR1 to inhibit nematode parasitism which, in turn, is negatively regulated by SNI1.  
Our results show an inverse correlation between root basal PR-1 expression and plant 
susceptibility to H. schachtii and suggest that successful cyst nematode parasitism may 
involve a local suppression of SA signaling in roots. 
 
Introduction 
Sedentary endoparasitic nematodes are obligate biotrophs that induce the formation of 
complex feeding sites within the roots of their plant host.  This group of plant pathogens 
includes the cyst nematodes (Heterodera and Globodera spp.), which induce the formation of 
a group of fused cells called a syncytium in proximity to the root vasculature, and the root-
knot nematodes (Meloidogyne spp.), which induce and feed from giant-cells (Williamson and 
Gleason 2003).  Taken together, cyst and root-knot nematodes account for >$100 billion in 
annual yield losses world-wide on an enormous variety of crops (Sasser and Freckman 1987).  
Because a living plant cell is required to act as an initial feeding cell, these pathogens have 
evolved mechanisms to avoid or negate both preexisting and inducible plant defense 
mechanisms in susceptible host plants in order to minimize cell damage and promote feeding 
site development.   
Due to the economic damage imposed by sedentary endoparasitic nematodes on 
agriculturally important plants, there is much interest in identifying and understanding the 
resistance mechanisms employed by crop hosts that are able to limit nematode reproduction.  
Gene-for-gene relationships between plant hosts and sedentary endoparasitic nematodes have 
been described and the corresponding plant resistance gene (R gene) identified in some cases 
(Williamson and Kumar 2006).  Although much attention has been given toward 
understanding the signaling mechanisms that underlie incompatible plant-nematode 
interactions, relatively little is known regarding defense mechanisms employed during 
compatible plant-nematode interactions.  As an alternative to R-gene-mediated resistance, the 
identification of defense-related genes and their respective signaling pathways that act to 
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limit nematode parasitism during a compatible interaction may lend themselves to 
bioengineering and provide an additional layer of defense that can be introduced into crop 
plants. 
A number of studies have been conducted using cDNA- or oligo-based microarrays 
with the goal of identifying plant genes that are differentially regulated by the nematode 
during a compatible interaction.  A gene expression survey of giant-cell formation in 
Arabidopsis thaliana roots following infection by Meloidogyne incognita suggested that 
successful root-knot nematode infection involves a local suppression of host defense 
signaling (Jammes et al. 2005).  In contrast, a broad general activation of defense signaling 
was observed during soybean cyst nematode infection of soybean (Ithal et al. 2007).  
Analysis of whole A. thaliana roots infected with either Heterodera schachtii or H. glycines 
revealed a number of defense-related genes that were differentially expressed in the root 
following infection compared to the noninoculated control (Puthoff et al. 2003).  These 
experiments revealed a definite involvement of defense signaling pathways during 
compatible plant-nematode interactions; however, the details of which defense pathways are 
actually effective against sedentary endoparasitic nematodes remain unresolved. 
Plant defense signaling has been well studied in the model plant A. thaliana where 
large emphasis has been placed on dissecting the signaling pathways that govern salicylic 
acid (SA) accumulation and subsequent defense gene expression.  SA regulates many aspects 
of the plant defense response, including the development of systemic acquired resistance 
(SAR), disease development during compatible interactions, and, in some instances, R-gene- 
mediated resistance (Delaney et al. 1994, Gaffney et al. 1993, Nawrath and Metraux 1999, 
Wildermuth et al. 2001).  Local and systemic SA accumulation following pathogen infection 
induces the expression of multiple pathogenesis-related (PR) genes (PR-1, PR-2, and PR-5) 
whose inductions commonly are used as molecular markers for the activation of the SA 
signaling pathway and the onset of SAR in A. thaliana (Durrant and Dong 2004, Uknes et al. 
1992).  SA necessary for plant defense is believed to be synthesized through the action of 
SID2, an isochorismate synthase gene.  Loss-of-function mutations within SID2 render plants 
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unable to accumulate SA following pathogen infection (Wildermuth et al. 2001).  The 
mutants sid1-1 (also known as eds5-1) and sid2-1 (also known as eds16) are more susceptible 
to bacterial and fungal pathogens compared to wild-type plants (Dewdney et al. 2000, 
Nawrath and Metraux 1999, Rogers and Ausubel 1997).  Mutant pad4-1 shows compromised 
SA accumulation due to a loss-of-function mutation in a lipase-like gene  (Jirage et al. 1999).  
Finally, compromised SA accumulation also can be achieved in wild-type plants by the 
transgenic expression of NahG, the gene for a bacterial salicylate hydroxylase that degrades 
SA to catechol (Gaffney et al. 1993).   
NPR1 is a key component of the SA signaling pathway, such that genetic screens 
designed to identify mutants insensitive to SA treatment recovered multiple npr1 alleles (Cao 
et al. 1994, Delaney et al. 1995, Shah et al. 1997).  npr1 mutant plants do not show PR gene 
induction following treatment with SA or any of its functional analogues and, in many 
instances, show increased susceptibility to virulent pathogens (Cao et al. 1994, Delaney et al. 
1995, Glazebrook et al. 1996, McDowell et al. 2005).  The position of NPR1 within the SA 
signal transduction pathway is well established and genes have been identified that act down-
stream of NPR1 to regulate defense gene expression.  For example, a screen designed to 
identify suppressors of the npr1 mutation identified the sni1 mutant (Li et al. 1999).  In 
addition to mutants that are defective in SA responsiveness, mutants that constitutively 
express PR genes (cpr1, cpr5 and cpr6) also have been identified.  Such mutants generally 
show increased resistance to pathogens relative to wild-type plants (Bowling et al. 1994, 
1997, Clarke et al. 1998).  The sheer number and unique properties of these various mutants 
provides an opportunity to assess many facets of SA-mediated defense signaling as it relates 
to the Arabidopsis – nematode compatible interaction. 
Studies have been conducted regarding the effect of exogenously applied SA on 
plant-parasitic nematode reproduction.  Root drenching of white clover with SA prior to 
inoculation with the clover cyst nematode, H. trifolii, resulted in decreased nematode 
reproduction (Kempster et al. 2001).  Also, application of SA as a foliar spray to okra and 
cowpea caused a decrease in root-knot nematode infection (Nandi et al. 2003).  However, in 
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this report, we present an in-depth characterization of the role of SA in mediating effective 
Arabidopsis defense mechanisms to the root pathogen H. schachtii, the sugar beet cyst 
nematode.  We show that SA-mediated signaling governed by NPR1 and negatively 
regulated by SNI1 limits cyst nematode parasitism during a compatible interaction.  We also 
demonstrate that cyst nematode infection elicits an unusual pattern of PR gene expression in 
Arabidopsis roots, such that PR-2 and PR-5 but not PR-1 are induced following nematode 
infection.  In shoots, however, elevated PR-1 transcript levels were detected in infected 
plants relative to the control.  This dichotomy in PR-1 expression between shoots and roots 
of infected plants also was present in our finding that total SA levels were unaltered in 
infected roots but were elevated in shoots of infected plants.  We further determined that PR-
2 and PR-5 induction by the nematode occurs in a SA-independent fashion.  These results 
suggest that successful cyst nematode parasitism of A. thaliana may involve a suppression of 
the local SA signaling pathway in roots.   
 
Results 
The SA signaling pathway inhibits cyst nematode parasitism. 
It has been well established that SA plays a critical role in plant defense signaling.  
To determine whether SA affects cyst nematode parasitism during a compatible interaction, 
we investigated the effects of SA deficiency and SA treatment on A. thaliana susceptibility to 
the sugar beet cyst nematode H. schachtii. 
A number of mutants have been identified that are defective in pathogen-induced SA 
accumulation.  For our experiments, we chose to evaluate the H. schachtii susceptibility of 
four such mutants:  sid1-1, sid2-1, pad4-1, and the transgenic NahG line.  The susceptibilities 
of sid1-1, sid2-1, pad4-1, NahG, and a wild-type Columbia (WT) control were determined at 
2 weeks after inoculation with infective H. schachtii second-stage juveniles (J2), at which 
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time numbers of female nematodes were used as a direct measure of plant susceptibility.  
Root development and rate of root growth appeared similar between all the tested genotypes. 
We observed a significant increase in H. schachtii susceptibility for sid2-1, pad4-1, 
and NahG compared to WT (Fig. 1A).  In contrast, the sid1-1 mutant did not exhibit any 
appreciable difference in susceptibility compared with WT (Fig. 1A).  It should be noted that 
all previous characterizations of sid1-1 were conducted with shoot tissues, while H. schachtii 
is a root pathogen.  Furthermore, the precise role of SID1 in SA biosynthesis remains 
undetermined (Nawrath et al. 2002).  Therefore, the observed lack of increased susceptibility 
in sid1-1 to H. schachtii may suggest that SID1 plays a minor role in SA accumulation as it 
relates to root tissues.  In addition, although it has been demonstrated that the by-product of 
SA degradation via NahG (i.e., catechol) can itself compromise defense responses 
(Glazebrook et al. 2003, Heck et al. 2003), the observation that two additional mutants (sid2-
1 and pad4-1) show increased susceptibility to H. schachtii supports the conclusion that the 
increased susceptibility of NahG is due to changes in SA or SA-mediated signaling and not 
increased catechol concentrations. 
Following these initial results, we further investigated the inhibitory role of SA on A. 
thaliana susceptibility to H. schachtii by treating WT plants with SA prior to inoculation 
with H. schachtii.  WT plants were germinated and grown on control medium or medium 
containing 50µM SA and then inoculated with H. schachtii J2 10 to 12 days after planting.  
We observed that WT plants grown on SA-containing medium exhibited a marked decrease 
in susceptibility to H. schachtii compared with those grown on control medium (Fig. 1B).  
We also determined that SA by itself does not appear to have a detrimental effect on H. 
schachtii infectivity.  Inoculation of WT plants with J2 nematodes that had been incubated 
overnight in a 50µM SA or control solution resulted in the development of similar mean ± 
Standard error numbers of J4 female nematodes (4.9 ± 1.1 and 5.0 ± 0.6, respectively).  
Elevated PR-1 gene transcript levels were detected in roots of SA-treated but not control 
plants by quantitative real-time reverse-transcriptase polymerase chain reaction (qRT-PCR) 
prior to nematode inoculation (data not shown).  The finding that SA incubation does not 
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harm H. schachtii J2 and that SA treatment of WT plants decreases the number of female 
nematodes that are able to develop supports the conclusion that SA-mediated signaling is a 
significant inhibitor of A. thaliana susceptibility to H. schachtii.  In addition, during the 
course of this experiment, we also measured PR-1 transcript levels in shoots of SA-treated 
and control plants and found that PR-1 induction was approximately 185-fold higher in 
shoots of SA-treated plants compared to root tissues (data not shown).  This observation may 
suggest that A. thaliana shoot and root tissues differ in their level of responsiveness to 
exogenously applied SA. 
Effects of altered NPR1 function on H. schachtii parasitism. 
Given the observed inhibitory effect of SA on H. schachtii parasitism, an analysis of 
mutants involved in SA signaling would help resolve how this inhibition is regulated within 
the root.  The role of NPR1 in regulating SA-dependent defense signaling is well 
documented (Dong 2004).  Mutations in NPR1, also known as NIM1, cause insensitivity to 
SA and its functional analogues resulting in an inability of the plant to initiate SAR and up-
regulate PR gene expression in response to pathogen infection (Cao et al. 1994, Delaney et al. 
1995).  We investigated the effects of the npr1 mutant alleles npr1-1, npr1-2, npr1-3 and 
npr1-5 on A. thaliana susceptibility to H. schachtii.  We observed an increased susceptibility 
phenotype for the npr1-2 and npr1-3 alleles compared with WT (Fig. 2).  The npr1-1 and 
npr1-5 alleles showed H. schachtii susceptibilities that were not significantly different from 
WT (Fig. 2).  This disparity in H. schachtii susceptibilities between the npr1 mutant alleles 
can most likely be attributed to the varying strengths of the respective alleles.  For example, 
npr1-3, is considered a complete null mutation (Cao et al. 1997) and showed the highest 
susceptibility to the H. schachtii of all the alleles tested (Fig. 2).  These results suggest that 
SA-mediated signaling effective against H. schachtii is regulated, at least in part, by NPR1. 
Effects of npr1-suppressor mutations on H. schachtii parasitism. 
The sni1 and snc1 mutants were identified as part of a screen for inducible and 
constitutive suppressors of npr1-1 (Li et al. 1999, 2001). The sni1npr1 plants regain the 
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ability to respond to exogenous SA or 2-6-dichloro isonicotinic acid (INA), including the 
accumulation of PR-1 transcript and the induction of a SAR following pathogen infection (Li 
et al. 1999).  In contrast, the snc1 mutation results in the constitutive activation of a toll 
interleukin 1 receptor-nucleotide-binding leucine-rich repeat resistance-type gene that 
appears to modulate both SA-dependent and SA-independent signaling pathways  (Zhang et 
al. 2003).  The susceptibilities of snc1 and sni1 plants to H. schachtii were determined and 
compared with WT (Fig. 3). Although snc1 plants exhibited a modest decrease in 
susceptibility to H. schachtii, the sni1 mutant showed a consistent, significantly decreased 
susceptibility phenotype to the nematode (Fig. 3).  The observation that mutation of SNI1, a 
negative regulator of SA signaling which acts downstream of NPR1 (Li et al. 1999), results 
in decreased A. thaliana susceptibility to H. schachtii corroborates our discovery of increased 
H. schachtii susceptibility in the sid2-1, pad4, and npr1 mutants which are nonfunctional 
positive regulators of SA-mediated signal transduction. 
Effects of cpr mutations on H. schachtii parasitism. 
SA is a strong inducer of PR-1, PR-2 and PR-5 expression (Uknes et al. 1992).  
Given this fact, and our finding that SA significantly influences A. thaliana susceptibility to 
H. schachtii, we ventured to determine whether increased PR gene expression correlates with 
decreased H. schachtii susceptibility.  The cpr1 and cpr6 mutants show constitutive 
expression of PR-1, PR-2, and PR-5 along with increased levels of endogenous SA in shoot 
tissues compared with WT (Bowling et al. 1994, Clarke et al. 1998).  In addition, cpr1 and 
cpr6 have previously been shown to be resistant to virulent isolates of bacterial and fungal 
foliar pathogens (Bowling et al. 1994, Clarke et al. 1998).  Interestingly, neither cpr1 nor 
cpr6 exhibited altered susceptibility to H. schachtii compared with WT (Fig. 3).  This 
observation suggests that either increased PR gene transcript levels are not directly involved 
in the SA-mediated inhibition of H. schachtii parasitism or that the constitutive PR gene 
expression phenotype of cpr1 and cpr6 is not manifested in root tissues to the extent that it is 
in shoots.  This latter scenario was addressed experimentally as described below. 
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Basal PR-1 gene expression is inversely correlated with H. schachtii susceptibility. 
Expression of PR-1 in shoot tissues is commonly used as a molecular marker for the 
activation of SA-mediated responses (Uknes et al. 1992).  Because of this trait, we 
determined the steady-state levels of PR-1 transcript in tissues of sid2-1 (hypersusceptible to 
H. schachtii), cpr1 (not altered in H. schachtii susceptibility) and sni1 (decreased 
susceptibility to H. schachtii) as an indication of these mutants’ inherent level of SA-
mediated signaling.  Our analysis included a measurement of PR-1 transcript levels 
specifically in roots for which data regarding SA function and PR gene expression is lacking 
compared with aboveground plant tissues. 
Previous work has demonstrated that PR-1 expression was reduced in sid2-1 shoot 
organs following pathogen infection relative to infected WT plants (Nawrath and Metraux 
1999, Wildermuth et al. 2001).  We determined that PR-1 transcript levels in untreated sid2-1 
plants were decreased approximately 180-fold in shoots and approximately 3-fold in roots 
relative to WT tissues (Fig. 4).  During the course of our analysis of the sid2-1 mutant we 
also determined that, whereas PR-2 and PR-5 transcript levels were unaffected in sid2-1 
shoots, as previously reported by Nawrath and Metraux (1999), PR-2 transcript levels were 
decreased approximately 2-fold and PR-5 transcript levels were decreased approximately 
6.5-fold in sid2-1 roots relative to WT roots.  As was the case with SA-treated WT plants, 
these results suggest that shoot and root tissues may differ in their regulation of PR gene 
expression as mediated by SA.  
Constitutive PR gene expression in cpr1 and cpr6 has been observed in shoot tissues; 
however, it is not known whether this phenotype extends to roots.  Given our observation 
that a loss of SA signaling increases A. thaliana susceptibility to H. schachtii and that 
stimulating SA signaling by SA treatment decreases susceptibility, we were surprised that 
neither cpr1 nor cpr6 showed altered susceptibility to H. schachtii.  Potentially explaining 
this discovery, we found that although the level of PR-1 transcript was greatly elevated in 
cpr1 shoots relative to WT, as has been described previously, it was unaltered in roots of 
cpr1 (Fig. 4).  In stark contrast, PR-1 transcript levels were significantly elevated in roots of 
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sni1, which shows decreased susceptibility to H. schachtii versus WT.  Taken together, these 
results indicate that an inverse correlation exists between root PR-1 transcript levels and H. 
schachtii susceptibility. 
Temporal expression patterns of PR genes following H. schachtii infection. 
In order to obtain a more detailed understanding of the role of SA-mediated defense 
signaling during H. schachtii infection, we used qRT-PCR to measure PR-1, PR-2, and PR-5 
transcript levels in WT tissues at three time points following H. schachtii inoculation.  PR-1, 
PR-2, and PR-5 commonly are used as molecular markers for SA-dependent signaling and 
consistently have been found to be coordinately regulated by SA (Bowling et al. 1994, Cao et 
al. 1994, Uknes et al. 1993).  WT shoot and root tissues were harvested from H. schachtii-
infected and control plants 3, 8 and 13 days after inoculation (dai). 
In our assays, PR-1 transcript levels increased dramatically at 3 dai in shoots of H. 
schachtii-infected WT plants versus the uninoculated control (Fig. 5A).  PR-1 transcript 
levels then progressively declined from 8 to 13 dai.  These data suggest that H. schachtii 
infection of A. thaliana roots elicits a classic molecular SAR response in shoot tissues. 
In contrast to shoot tissues, roots from H. schachtii-infected plants showed no 
elevation in PR-1 transcript levels at any time point following inoculation (Fig. 5B).  PR-2 
and PR-5, however, were induced in infected roots, showing similar patterns of induction that 
reached a maximum at 8 dai and decreased thereafter.  Therefore, while H. schachtii 
infection elicits the induction of PR-1 gene expression in distal shoot tissues, this induction is 
absent from the infected root tissues.  To our knowledge, an uncoupling of PR-1 induction 
from that of PR-2/PR-5 has been observed only in the SA-deficient sid2 mutant following 
inoculation with Pseudomonas syringae (Nawrath and Métraux 1999).  In that instance, the 
authors postulated that P. syringae infection elicited an SA-independent induction of PR-2 
and PR-5 (Nawrath and Métraux 1999).  We investigated this scenario in our own system by 
measuring the fold-change in PR-2 and PR-5 transcript levels in WT and sid2-1 roots 
infected with H. schachtii relative to their uninoculated controls.  PR-2 and PR-5 induction 
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occurred in sid2 roots following H. schachtii infection to approximately the same extent as 
that observed in WT roots infected with the nematode (Fig. 6).  This observation indicates 
that H. schachtii infection elicits an SA-independent induction of PR-2 and PR-5 in roots.  
Quantification of total SA in wild-type shoots and roots after H. schachtii infection. 
Our finding that PR-1 transcript levels were elevated in shoots but not roots of H. 
schachtii-infected plants prompted us to quantify endogenous total SA levels in these tissues 
following infection.  Shoot and root tissues of WT plants were harvested from H. schachtii-
infected and control plants at 4 dai.  Total SA was extracted and quantified by HPLC.  
Results show that total SA levels were slightly elevated in the shoots of H. schachtii-infected 
plants compared with control shoots (Fig. 7).  However, this difference was not statistically 
significant.  No change in total SA level was observed in the respective root tissues.  
Successful H. schachtii infection during these experiments was confirmed by observing 
increased levels of PR-1 transcript in shoot tissues of nematode-infected plants compared 
with control plants (data not shown). 
 
Discussion 
Sedentary endoparasitic nematodes comprise a large group of damaging plant 
pathogens that infect and parasitize the roots of their hosts.  The interaction between these 
nematodes and their hosts is highly complex and their obligate root-parasitic nature has 
proven to be a hindrance toward the molecular characterization of these pathosystems, 
including the targeted exploration of plant defense responses during nematode parasitism.  
As a consequence, compared with foliar bacterial, viral and fungal pathogens, there is a 
considerable lack of knowledge regarding which defense signaling genes, or pathways are 
effective against plant-parasitic nematodes during a compatible interaction.  The research 
described here aims to provide a broad characterization of the role of SA-mediated defense 
signaling in the A. thaliana response to infection by the cyst nematode H. schachtii.  In 
addition, studies involving plant-nematode interactions provide an opportunity to observe 
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defense signaling in root tissues which is an underrepresented perspective in plant defense 
research. 
Our analyses of A. thaliana mutants perturbed in various aspects of SA-mediated 
signal transduction revealed that SA is an inhibitor of cyst nematode parasitism during a 
compatible interaction.  Mutants unable to synthesize or accumulate SA (sid2-1, pad4-1, and 
NahG) showed a consistently increased susceptibility phenotype to H. schachtii.  
Furthermore, we determined that pretreatment of wild-type plants with SA significantly 
decreased their susceptibility to the nematode while simultaneously inducing PR-1 gene 
expression in both roots and shoots.  Taken together, these data strongly suggest that SA-
mediated signaling plays a significant role in limiting nematode parasitism during a 
compatible interaction.  Earlier work conducted by Maheshwari and Anwar (1990) suggested 
that application of SA to tomato plants prior to inoculation with root-knot nematode 
alleviated root galling, however, this effect of SA was believed to be nematicidal in nature 
due to the high concentrations of SA that were used in the experiment.  For our own studies 
involving SA treatments, we determined that incubation of H. schachtii J2 in solutions 
having SA concentrations equivalent to that used for plant treatment had no effect on the 
nematode’s ability to infect and parasitize wild-type plants.  Therefore, we believe the 
observed decreased susceptibility of SA-treated wild-type plants is due to an induction of the 
SA signaling pathway rather than any nematicidal activity inherent to SA. 
NPR1 is a key component in plant defense signaling and is required for the induction 
of SAR elicited either chemically or via pathogen infection.  An enormous amount of work 
has been done toward elucidating the exact mechanism by which NPR1 senses SA 
accumulation within the cell and transduces this information into defense gene induction 
(Dong, 2004).  However, the importance of NPR1 in mediating local defense responses can 
vary and appears to be dependent on the particular pathogen being studied.  For example, 
npr1-1 plants showed increased susceptibility to the fungal powdery mildew pathogen 
Erysiphe orontii (Reuber et al. 1998) but not P. syringae maculicola ES4326 (Cao et al. 
1994).  In our experiments, we found that npr1-2 and npr1-3 but not npr1-1 or npr1-5 
 
24 
 
 
showed increased susceptibility to H. schachtii.  The greatest increase in susceptibility was 
shown by npr1-3, a nonsense allele of npr1.  These data suggest that SA-mediated signaling 
detrimental to H. schachtii is, at least in part, regulated by NPR1.   
A role for SA and NPR1 in A. thaliana defense against H. schachtii is supported 
further by our finding that the npr1-suppressor, sni1, showed decreased susceptibility to H. 
schachtii.  The sni1 mutant was discovered by screening a mutagenized population of npr1-1 
plants that harbored a BGL2-GUS reporter gene.  Candidate mutants were identified based on 
their ability to respond to exogenous elicitors of SAR such as INA (Li et al. 1999).  During 
the characterization of sni1, Li and associates (1999) observed that, unlike wild-type plants 
treated with INA, INA-treated sni1NPR1 plants showed intense β-glucuronidase (GUS) 
staining in the roots.  The author’s subsequently showed that sni1 plants were more sensitive 
to SA and INA, requiring 10-fold less elicitor than wild type in order to reach maximum 
BGL2-GUS reporter gene expression (Li et al. 1999).  These observations prompted our 
inquiry into the levels of basal PR-1 transcript in sni1 roots versus wild-type roots.  We 
found that PR-1 transcript levels were, in fact, greatly elevated in roots of untreated sni1 
plants compared to untreated wild type.  This observation recently has been confirmed by 
Mosher and associates (2006), who identified a large number of NPR1-dependent genes, 
including PR-1 and PR-2, which are significantly de-repressed in the sni1 mutant relative to 
the wild type.  The finding that basal PR-1 expression is higher in sni1 roots which show 
decreased susceptibility to H. schachtii correlates with our finding that SA-treated wild-type 
plants, which show PR-1 induction in roots, are less susceptible to the nematode. 
As a complement to our analyses of mutants defective in either SA biosynthesis or 
SA-mediated signaling, we also investigated the effects of constitutive PR gene expression 
on H. schachtii parasitism by measuring the susceptibilities of the cpr1 and cpr6 mutants.  
cpr1 and cpr6 plants show SA-dependent constitutive expression of PR-1, PR-2 and PR-5 in 
shoots and are resistant to Peronospora parasitica NOCO2 and Pseudomonas syringae pv. 
maculicola ES4326 (Bowling et al. 1994, Clarke et al. 1998).  Given our finding that wild-
type plants treated with SA prior to H. schachtii inoculation showed decreased susceptibility 
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in conjunction with PR-1 gene induction in roots, we were surprised that neither cpr1 nor 
cpr6 showed altered susceptibility to the nematode.  Reports of constitutive PR gene 
expression in cpr1 and cpr6 stem from studies involving shoot tissues or whole seedlings; 
therefore, it remained unclear to us whether this phenotype extended to root tissues.  Upon 
analysis of basal PR-1 transcript levels in shoots and roots of cpr1 and wild-type plants, we 
determined that while PR-1 levels were greatly elevated in cpr1 shoots relative to wild-type 
as previously reported, there was no such elevation of PR-1 transcript in cpr1 roots.  Coupled 
with our findings that elevated PR-1 transcript in roots of plants treated with SA or having 
the sni1 mutation, these results strongly suggest a negative correlation exists between PR-1 
transcript levels in roots and susceptibility to H. schachtii.  Although it is unlikely that PR-1 
itself has any direct effect on nematode parasitism, PR-1 is one of many genes that are 
coordinately regulated in plant defense (Maleck et al. 2000) and, therefore, may be viewed as 
a molecular marker for those genes that are effective against the nematode. 
A time-course analysis of PR gene expression in wild-type plants inoculated with H. 
schachtii revealed that PR-2 and PR-5, but not PR-1, are up-regulated in roots following 
nematode infection.  However, PR-1 induction was observed, in shoots of wild-type plants 
infected with H. schachtii, suggesting that nematode infection elicits a SAR response in the 
plant, because PR-1 is commonly used as a molecular marker for SAR induction (Bowling et 
al. 1994, Uknes et al. 1992).  This pattern of PR-1 expression between shoot and root tissues 
agrees with our measurements of total SA levels within shoots and roots collected from H. 
schachtii-infected plants.  We observed no difference in total SA levels between infected and 
uninfected root tissues, with an increase in total SA being present in shoot tissues of infected 
plants compared with the control.  The lack of PR-1 induction and total SA accumulation in 
H. schachtii-infected root tissues suggests that successful cyst nematode parasitism may 
involve a local suppression of these responses.  This hypothesis is supported by recent data 
concerning A. thaliana infection by the root-knot nematode which also suggests that 
successful root-knot nematode infection involves a local suppression of the host defense 
response (Jammes et al. 2005).  However, given that our gene expression and total SA 
quantification analyses were restricted to whole roots, we cannot rule out the possibility that 
 
26 
 
 
a highly specific induction of PR-1 and accumulation of SA occurs within the immediate area 
of H. schachtii infection. 
We were able to determine, via gene expression analyses in H. schachtii-infected 
wild-type and sid2-1 plants, that PR-2 and PR-5 can be induced separately from PR-1 by 
nematode infection of roots in a SA-independent manner.  This phenomenon of uncoupled 
PR gene expression has been postulated to exist with regards to sid2 infection by P. syringae 
(Nawrath and Métraux, 1999).  However, to our knowledge, there has yet to be an example 
of uncoupled PR gene expression in a wild-type plant following pathogen infection as 
described here regarding the Arabidopsis – cyst nematode compatible interaction. 
In addition to results pertinent to plant-nematode interactions, observations made 
during the course of the above-described experiments suggest that A. thaliana shoot and root 
tissues differ in how they either perceive or respond to SA.  In support of this idea, we 
observed a substantial difference in the level of PR-1 induction following SA treatment in 
shoots versus roots of wild-type plants even though roots were the primary source of contact 
during the SA treatment.  In addition, our finding that PR-1 transcript levels were unaltered 
in cpr1 roots but constitutively expressed at a higher level in shoots further supports this 
hypothesis.  We also routinely observed a significant difference in basal PR-1 transcript 
levels between shoots and roots of control wild-type plants utilized in our gene expression 
studies even though the results of our total SA measurement experiments indicate that there 
is no significant difference in total SA levels between wild-type shoot and root tissues.  We 
believe these observations are compelling and warrant further investigation into this apparent 
dichotomy between shoots and roots with respect to SA-mediated signal transduction. 
In summary, our results strongly indicate a role for SA, mediated by NPR1 and 
negatively regulated by SNI1, in limiting cyst nematode parasitism during a compatible 
interaction.  The observed decreased susceptibility of the sni1 mutant to H. schachtii, in 
conjunction with increased root basal PR-1 transcript levels, suggests that defense-related 
genes effective against the nematode are also more highly expressed in this mutant compared 
with wild-type plants.  A thorough examination of the transcriptional profile of untreated sni1 
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plants, as has been recently conducted by Mosher and associates (2006), potentially may 
identify candidate genes whose direct function is to inhibit parasitism by the nematode.  
 
Materials and Methods 
Plant material and growth conditions. 
All A. thaliana plants were grown from surface-sterilized seeds planted on modified 
Knops nutrient medium (1.0% sucrose; pH 6.4) solidified with 0.8% Daishin agar 
(Brunschwig Chemie, Amsterdam, The Netherlands) (Baum et al. 2000) in 9-cm-diameter 
petri dishes (Fisher Brand; Fisher Scientific, Pittsburg, PA, USA) or 12-well plates (Falcon 
Brand; Becton Dickinson, Lincoln Park, NJ, USA) at 25ºC under 16 hour light/8 hour 
darkness.  Seeds of wild-type Columbia-0, pad4-1 and sid1-1 were obtained from the 
Arabidopsis Biological Resource Center at The Ohio State University.  Seeds of npr1-1, 
npr1-2, npr1-3, npr1-5, sni1, snc1, cpr1, cpr6, and NahG were a kind gift from Dr. Xinnian 
Dong at Duke University.  Seeds of sid2-1 were a kind gift from Dr. Frederick Ausubel at 
Harvard University. 
Nematode inoculations and mutant susceptibility data collection. 
Nematode inoculations were performed as previously described (Wubben et al. 2001).  
Briefly, H. schachtii J2 were hatched from eggs and surface-sterilized by i) washing three 
times in sterile water, ii) incubating with rotation for seventy minutes in 0.001% 
chlorhexadiene (Sigma, St. Louis, MO, USA), iii) incubating with rotation for 10 min in 0.01% 
mercuric chloride (Sigma, St. Louis, MO, USA), and iv) washing an additional three times in 
sterile water.  Plants (10 to 12 days old) were inoculated with approximately 300 surface-
sterilized J2 nematodes suspended in 37°C 1.5% low melting point agarose (GIBCO-BRL, 
Grand Island, NY, USA).  The number of J4 female nematodes that had developed by 14 dai 
for each plant was determined using a dissecting microscope.  The experimental design for 
assessing mutant susceptibility to H. schachtii involved arranging mutant and WT seed 
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within 12-well plates (one seed per well) using a completely randomized design.  Each 
individual mutant was assayed in at least three independent experiments with a minimum 
replication of 10 plants per experiment.  Susceptibility data for each mutant and the 
corresponding wild-type control were combined across all experiments and analyzed using 
the PROC MIXED method in SAS (Statistical Analysis Software, SAS Institute, Cary, NC, 
USA) to account for unequal replications of mutant and wild-type plants within and between 
experiments due to experimental design or loss of data because of plant non-growth or 
microbial contamination from the nematode inoculation. 
SA treatments. 
For the SA treatment experiments, a 1,000X stock solution of SA (Sigma, St. Louis, 
MO, USA) was prepared via suspension in 100% methanol, sterilized by filtration through a 
0.22-µM filter, and added to autoclaved modified Knops medium to achieve a final SA 
concentration of 50µM.  Control medium was prepared in the same manner except that no 
SA was dissolved in the methanol.  Potential adverse effects of SA on H. schachtii J2 
nematodes were determined via J2 incubation in three different solutions: i) sterile water, ii) 
50µM SA (prepared using the 1000X stock), or iii) control solution containing an equivalent 
percentage of methanol as the 50µM SA solution.  J2 nematodes were incubated overnight at 
room temperature and then used to inoculate WT plants.   
qRT-PCR. 
Total RNA collection, cDNA synthesis, and cycling parameters were conducted as 
previously described (Wubben et al. 2004).   
Total SA quantification. 
Total SA was extracted from freezed-dried shoot and root tissues from WT plants 
infected or uninfected with H. schachtii using a method similar to that described by Dewdney 
and associates (2000).  Briefly, 150 to 300 mg of freeze-dried tissue was suspended in 3 mL 
of 90% methanol.  The samples were vortexed for 20 min at room temperature and 
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centrifuged for 20 min at 1,700 x g.  The supernatant was transferred to a new tube and the 
pellet re-extracted with 2 mL of 90% methanol.  The supernatants were combined 
(approximately 4.5 mL) and dried down under N2. Then, 500 µL of GUS (80 units/mL in 0.1 
M sodium acetate pH 5.2) was added to each sample and vortexed for 5 min.  The sample 
tubes were then covered with aluminum foil and incubated at 37ºC for 90 min.  Following 
this incubation, 2.5 mL of trichloroacetic acid was added to each sample.  Samples were 
vortexed for 5 min and then centrifuged for 15 min at 1,700 x g.  The supernatant was 
transferred to a new tube and extracted two times with 2.5 mL 1:1 (vol/vol) ethyl 
acetate/cyclohexanol.  The organic phases were combined and dried down under N2.  The 
samples were stored at -80ºC until immediately prior to high-performance liquid 
chromatography (HPLC) analysis. 
For HPLC measurement of total SA, the sample was resuspended in 200 µL methanol 
and filtered through a 0.22 µM filtration column.  Then, 20 µL was injected into a reverse-
phase C18 column. The elution program was as follows (flow rate = 1 mL/min):  0 to 4.5 min, 
25% methanol/85% 20 mM potassium acetate pH 5.0; 4.5 to 10.5 min, increase to 70% 
methanol; 10.5 to 13.9 min, 70% methanol; 13.9 to 14 min, decrease to 25% methanol; 14 to 
16 min, 25% methanol.  For SA, the excitation wavelength was set to 295 nm and emission 
wavelength to 405 nm.  The calibration curve for SA was y = 7493.22x – 151592.68 (R2 = 
0.99) with an average retention time of approximately 4.9 min. 
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Fig. 1. A, Susceptibilities of salicylic acid (SA)-deficient Arabidopsis mutants to Heterodera 
schachtii.  Shown is the least-squared mean ± standard error number of fourth-stage juvenile 
(J4) nematodes for sid1-1 (n=51), sid2-1 (n=55), pad4-1 (n=58), and NahG (n=51) compared 
with wild-type Columbia-0 (WT) (n=90 to 103) as determined at 14 days after inoculation. 
An asterisk (*) indicates the mutant mean is significantly different (P<0.05) from the 
corresponding WT mean. B, Effect of SA treatment on Arabidopsis susceptibility to H. 
schachtii.  WT plants were germinated and grown on nutrient medium containing either 50 
µM SA (n=17) or control solution (n=19).  Presented are the least-squared means ± standard 
errors from one of three independent experiments. An asterisk (*)  indicates the treatment 
mean is significantly different (P<0.05) from the control mean. 
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Fig. 2.  Susceptibilities of Arabidopsis mutant npr1 alleles to Heterodera schachtii.  Shown 
is the least-squared mean ± standard error number of fourth-stage juvenile (J4) nematodes for 
npr1-1 (n=52), npr1-2 (n=56), npr1-3 (n=34), and npr1-5 (n=29) compared with wild-type 
Columbia-0 (WT) (n=73-109) as determined at 14 days after inoculation. An asterisk (*) 
indicates the mutant mean is significantly different (P<0.05) from the corresponding WT 
mean. 
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Fig. 3.  Susceptibilities of the cpr1, cpr6, sni1, and snc1 Arabidopsis mutants to Heterodera 
schachtii.  Shown is the least-squared mean ± standard error number of fourth-stage juvenile 
(J4) nematodes for cpr1 (n=31), cpr6 (n=43), snc1 (n=54), and sni1 (n=39) compared with 
wild-type Columbia-0 (WT) (n=50-104) as determined at 14 days after inoculation. An 
asterisk (*) indicates the mutant mean is significantly different (P<0.05) from the 
corresponding WT mean. 
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Fig. 4. Pathogenesis-related (PR)1 transcript levels in shoot and root tissues of sid2-1, sni1, 
and cpr1 plants relative to wild-type Columbia-0 as measured by quantitative real-time 
reverse-transcriptase polymerase chain reaction.  Presented are mean fold-change ± standard 
error in PR1 transcript levels relative to the wild-type Col-0 control tissue (set = 1.0) from 
three biological replicates. An asterisk (*) indicates the mean fold-change is significantly 
different from 1.0 as determined by z-test (P<0.05). 
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Fig. 5.  Time-course analysis of pathogenesis-related (PR) gene expression by quantitative 
real-time reverse-transcriptase polymerase chain reaction in shoot and root tissues of wild-
type Columbia-0 (WT) plants infected with Heterodera schachtii. A, PR1 transcript levels in 
shoot tissues of WT plants at 3, 8 and 13 days after inoculation (dai) with H. schachtii.  
Presented are mean fold-change ± standard error in PR1 transcript levels relative to control 
uninfected tissue (set = 1.0) from four biological replicates. B, PR1, PR2, and PR5 transcript 
levels in root tissues of WT plants at 3, 8 and 13 dai with H. schachtii.  Presented are mean 
fold-change ± standard error in PR transcript levels relative to control uninfected tissue (set = 
1.0) from 5-6 biological replicates.  An asterisk (*) indicates the mean fold-change is 
significantly different from 1.0 as determined by z-test (P<0.05). 
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Fig. 6.  Induction of pathogenesis-related (PR)-2 and PR-5 transcript levels in sid2-1 and 
wild-type Columbia-0 (WT) roots following Heterodera schachtii infection.  Presented are 
mean fold-change ± standard error at 8 days after inoculation with H. schachtii relative to 
control uninfected tissue (set = 1.0) from five biological replicates. An asterisk (*) indicates 
the mean fold-change is significantly different from 1.0 as determined by z-test (P<0.05). 
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Fig. 7.  Quantification of total salicylic acid levels in shoot and root tissues of wild-type 
Columbia-0 plants 4 days after inoculation with Heterodera schachtii (BCN).  Presented are 
the means ± standard error of five biological replicates from one representative experiment.  
No significant difference in total SA levels between BCN-infected and control tissues was 
detected by paired t-test (P<0.05). 
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Abstract 
Successful cyst nematode parasitism depends on the formation and maintenance of 
feeding sites (syncytia) in host roots and these processes are highly regulated by the 
interaction between the cyst nematode and the host. Using an integrated research approach 
and the Arabidopsis - sugar beet cyst nematode (Heterodera schachtii) pathosystem, we have 
determined that the two Arabidopsis basic Helix-Loop-Helix transcription factors bHLH25 
and bHLH27 have conducive roles for cyst nematode parasitism. Promoter studies indicated 
that as early as three days after inoculation, both transcription factor genes were upregulated 
in developing syncytia, whereas in non-infected plants, these two genes are not coexpressed 
in the same cells. By using yeast-two-hybrid analyses and bimolecular fluorescence 
complementation assays, we documented that these two bHLH transcription factors can 
dimerize in planta. Transgenic Arabidopsis overexpressing either one or both of these genes 
exhibited altered morphology of roots and shoots as well as increased susceptibility to H. 
schachtii. On the other hand, bhlh25 or bhlh27 single mutants were without strong 
phenotypes, presumably due to functional redundancies in this gene family.  However, the 
bhlh25/bhlh27 double mutant was less susceptible to H. schachtii, confirming an important 
conducive role of the co-expression of both transcription factor genes for cyst nematode 
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parasitism. Our results document an example of pathogen-induced ectopic co-expression of 
two regulatory genes to enhance pathogen success although these transcription factors 
apparently do not function in concert in non-infected plants. This is an intriguing biological 
phenomenon that highlights the complexity of obligate biotrophic plant-pathogen interactions 
like those of cyst nematodes.    
 
Introduction 
Cyst nematodes (Heterodera species) are sedentary endoparasites of plant roots that 
cause severe yield loss worldwide (Barker and Koenning 1998, Wrather et al. 2003). Their 
successful parasitism depends on the developmental reprogramming of root cells into feeding 
sites of fused plant cells, so-called syncytia. The model plant Arabidopsis is successfully 
parasitized by the sugar beet cyst nematode (Heterodera schachtii) and, thus, this 
pathosystem offers superb opportunities for a molecular dissection of the nematode-plant 
interactions leading to the formation of syncytia (Sijmons et al. 1991). 
Cyst nematodes use their stylets, which are protrusible mouthspears, and cell-wall-
digesting stylet secretions to breach plant cell walls.  After penetrating into host roots, cyst 
nematodes migrate to the vascular tissue where they select root cells to induce the formation 
of syncytia. Also for this activity, cyst nematodes use proteins that are secreted through the 
stylet into the initial feeding cell where they function as effectors mediating and governing 
syncytium induction and function as well as suppressing plant defenses (Davis et al. 2008, 
Hewezi et al. 2008, 2010, Patel et al. 2010). As a result, root cells undergo substantial 
morphological and physiological alterations, including the reactivation of the cell cycle, 
resulting in the fusion of hundreds of root cells into a functional syncytium (Gheysen and 
Mitchum 2009). 
As the sole source of nourishment for cyst nematodes, the syncytium is a particular 
important element in successful cyst nematode parasitism. Syncytium formation is 
accompanied and mediated by profound changes in plant gene expression (Gheysen and 
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Mitchum 2009). Gene expression profiling of syncytium-enriched plant roots (Puthoff et al. 
2003) and of feeding cell contents isolated by laser-capture microdissection (Klink et al. 
2007b) or microaspiration (Szakasits et al. 2009) revealed that genes for regulatory proteins 
made up a significant proportion of the differentially expressed plant genes. This observation 
implies that regulatory proteins, particularly transcription factors, are key contributors to 
these gene expression changes and that alteration of their expression is one of the 
mechanisms responsible for steering plant cells into ectopic developmental pathways. Of 
particular curiosity is the apparent active manipulation of cellular development by the 
nematode to construct a novel network of regulatory gene expression, thus forcing plant cells 
into the formation of a completely novel plant organ, the syncytium. 
In the Arabidopsis genome, 147 basic Helix-Loop-Helix (bHLH) transcription factors 
were predicted by Toledo-Ortiz et al. (2003) and, therefore, represent one of the largest 
transcription factor gene families in Arabidopsis. Although they are well studied in non-plant 
eukaryotes, only very few of these genes and their proteins have been functionally 
characterized in planta. bHLH transcription factors have a common signature structure, 
which contains two domains; an N-terminal basic region functioning as a DNA-binding 
domain recognizing E-box motifs (5’-CANNTG-3’) and a C-terminal helix-loop-helix region 
involved in homo- and heterodimerization. Published data implicate bHLH transcription 
factors in various critical plant developmental processes. For example, the bHLH proteins 
phytochrome interacting factors PIF3 and PIF4, as well as phytochrome interacting factor-
like PIL1, PIL2, PIL5 and PIL6 play central roles in photomorphogenesis in plants (Castillon 
et al. 2007, Leivar et al. 2008), BIM1 and PRE1 mediate brassinosteroid regulation of cell 
elongation and Arabidopsis development (Yin et al. 2005, Zhang et al. 2009), and 
SPEECHLESS, MUTE and FAMA, regulate genes involved in stomatal fate (Lampard et al. 
2008). However, there is a pronounced dearth of functional data for the remaining protein 
family members.  In this paper, we are exploring an example of ectopic expression of bHLH 
transcription factor genes that are coexpressed only in the developing syncytium. These 
discoveries show that the co-evolution of host plant and pathogen resulted in the 
development of unique transcriptional specificities.  
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Results 
bHLH25 Expression.  
Puthoff et al. (2003) previously discovered that the mRNA abundance of the 
Arabidopsis bHLH25 gene increased in roots three days after infection (dai) by the sugar beet 
cyst nematode, Heterodera schachtii. Here we conducted expression analyses using 
quantitative real-time reverse transcriptase PCR (qRT-PCR) to confirm and expand on our 
earlier observations. We confirmed that the mRNA steady-state level of bHLH25 was 
elevated in infected roots at 3 dai, reached a peak at 8 dai and then decreased, but is still 
induced at 14 dai compared with non-infected control levels (Fig S1 in supplementary 
material).  
In order to better understand the spatial and temporal localization of bHLH25 
expression during cyst nematode infection, we generated transgenic Arabidopsis lines 
expressing the β-glucuronidase (GUS) reporter gene under the control of the bHLH25 
promoter and assayed GUS expression as a function of time and cyst nematode infection. 
Three days post planting, GUS activity in non-infected roots was detected only in the stele 
initials of the primary root meristem (Fig. 1A, B). In shoots, GUS expression was detected 
only in the shoot apical meristems (Fig. 1C, D). However, when inoculated with H. schachtii, 
strong GUS activity was detectable in many developing syncytia induced by the feeding 
nematodes up to 14 dai (Fig. 1E-H). In other words, we have shown that bHLH25 is not 
merely activated after nematode infection, as documented by our microarray and qRT-PCR 
data, but more importantly, is specifically induced in a sustained manner in developing 
syncytia. 
bHLH25 Protein-Protein Interaction. 
bHLH transcription factors contain a dimerization domain that can interact with other 
proteins to form homo- or heterodimers, which is required for bHLH function (Toledo-Ortiz 
et al. 2003). In order to explore the combinatorial potential of bHLH25, we performed a 
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yeast-two-hybrid (Y2H) analysis using prey libraries prepared from H. schachtii-infected 
Arabidopsis roots at 3, 7 and 10 dai (Hewezi et al. 2008). In this screen, we found the 
bHLH27 transcription factor reproducibly interacting with bHLH25 (Fig. 2A, B). In order to 
further confirm this interaction between bHLH25 and bHLH27, we used in planta 
bimolecular fluorescence complementation (BiFC) (Citovsky et al. 2006). Specific 
accumulation of YFP signal in the nucleus confirmed a nuclear interaction of both proteins in 
onion epidermal cells (Fig. 2C), thus giving strong support that these two transcription 
factors dimerize and engage in gene regulatory activity if coexpressed in the same cells. 
Onion epidermal cells bombarded with single plasmids or in combination with empty vectors 
or in combination with an unrelated gene yielded no YFP fluorescence. 
bHLH27 Expression. 
To test if the observed bHLH25-bHLH27 dimerization is of physiological relevance, 
we conducted bHLH27 expression analyses.  Only if there is a spatial and temporal 
expression overlap of bHLH25 and bHLH27 can a dimerization and transcriptional regulation 
by this dimer be postulated in planta.  In time course H. schachtii infection experiments (3, 8 
and 14 dai), we determined by qRT-PCR that bHLH27 transcripts were elevated throughout 
this period (Fig. S1), providing a temporal overlap of expression with bHLH25. As with our 
study of bHLH25, we prepared transgenic Arabidopsis lines harboring a bHLH27 
promoter::GUS cassette.  In non-infected plants, GUS expression was evident only in lateral 
root primordia and that as early as 3 days post planting (Fig. 3A, B). GUS activity was not 
detectable in any other tissues. However, after infection with H. schachtii, strong GUS 
activity was detectable in many developing syncytia at 3, 8 and 14 dai (Fig. 3C-F), which are 
the same characteristics exhibited by its interaction partner bHLH25. In other words, 
following H. schachtii infection, the two bHLH transcription factor genes whose expression 
in non-infected plants does not overlap, are both highly activated in developing syncytia. 
Building on our BiFC data documenting in planta nuclear bHLH25 and bHLH27 interaction 
(Fig. 2C), we conclude that a dimerization of bHLH25 and bHLH27 is taking place in 
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syncytia and, as has been reported for other bHLH proteins, such dimerization produces 
specific gene regulatory functions.   
bHLH25 and bHLH27 Overexpression and Mutation.  
In order to study the phenotypic effects of altered bHLH25 and bHLH27 expression, 
we generated transgenic Arabidopsis lines overexpressing the bHLH25 or bHLH27 coding 
sequence under the control of the CaMV 35S promoter.  For each gene we carried three 
independent lines to homozygosity to perform our subsequent experiments.  Additionally, we 
obtained one insertional mutant line (Alonso et al. 2003) for each of the two bHLH genes 
from The Arabidopsis Biological Resource Center (http://abrc.osu.edu) and used 
homozygous mutant lines, which showed reduced mRNA abundances of the mutated genes, 
for our analyses (Fig. S2). 
In our assays, the three bHLH25 overexpression lines exhibited significantly longer 
roots, more lateral roots and larger cotyledons than the wild type (Fig. 4A, B, C).  However, 
no morphological plant phenotypes were detected in the bhlh25 mutant line. In addition to 
assessing morphology changes, we subjected the bHLH25 overexpression and mutant lines to 
H. schachtii infection. Very convincingly, bHLH25 overexpression lines on average were 
approximately 66% more susceptible to H. schachtii than the wild type (Fig. 5A), while the 
bhlh25 mutant exhibited no change in susceptibility. 
Analyses of the bHLH27 overexpression and mutant lines also revealed strong 
phenotypes. Overexpression of this gene produced a significant increase in lateral roots (Fig. 
4D, E) and the cotyledons of these lines also were significantly larger than those of the wild 
type (Fig. 4F). This latter phenotype is validated by the fact that the bhlh27 mutant exhibited 
smaller cotyledons (Fig. 4F). Although no GUS expression in shoot tissue was detectable in 
our bHLH27 promoter lines, this protein, nonetheless, appears capable in determining shoot 
phenotypes in addition to the expected modulating of lateral root formation. Similar to our 
observations for bHLH25, bHLH27 overexpression lines were approximately 34% more 
susceptible (Fig. 5B), while the mutant line was unaltered to H. schachtii.  The observed lack 
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of susceptibility phenotypes of the mutants most likely was due to genetic redundancies 
between bHLH gene family members. In support of this assumption, we determined that 
mRNA abundances of two other bHLH genes (bHLH18 and bHLH20) with high sequence 
identity (60.2% and 36%, respectively) and similarity (83.2% and 74.4%, respectively) to 
bHLH25 also were induced as a function of nematode infection (Fig. S3). 
Collectively, these results show that both bHLH25 and bHLH27 play roles during 
plant development but also are capable of altering the nematode – plant interaction.  In 
particular, overexpression of either gene results in a positive influence on the nematode’s 
parasitic success.  As a logical next step, we also generated Arabidopsis lines overexpressing 
both transcription factor genes and assessed their phenotypes.  These lines essentially 
exhibited additive morphological phenotypes of the single overexpressing lines in that they 
showed longer roots, more lateral roots and larger cotyledons when compared to the wild 
type (Fig. 4A, B, C).  However, these morphological changes were not more pronounced 
than those observed for the single overexpressing lines. Similarly, co-overexpression lines 
also were significantly more susceptible to H. schachtii than the wild type, however not to a 
higher level than the overexpression lines expressing only one of the two bHLH genes (Fig. 
5A, B, C). More interestingly, we also generated a bhlh25/bhlh27 double mutant line by 
crossing the two single insertional mutants. While no morphological root phenotypes were 
detectable in this double mutant, this line exhibited significantly (~25%) decreased nematode 
susceptibility when compared with the wild type (Fig. 5D).  These latter results confirm the 
postulated functional redundancy, but more importantly, firmly establish these two bHLH 
genes as critical components of a successful cyst nematode – plant interaction. 
Discussion 
Genome-wide expression profiling of the plant response to cyst nematode infection 
revealed that transcription factor genes represent one of the largest functional categories of 
cyst nematode-responsive genes (Ghysen and Mitchum 2009, Klink et al. 2005, 2007a, 
2007b, Puthoff et al. 2003). This observation reinforces the image of massive transcriptional 
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reprogramming of plant cells during cyst nematode infection and second, illustrates that these 
regulatory networks of transcription factors need to be explored if the complex cyst 
nematode pathosystems are to be understood. The particularly early upregulation of the 
bHLH transcription factor gene family member bHLH25 (Puthoff et al. 2003) made this gene 
family of special interest for detailed functional analyses. However, the large size of the 
bHLH transcription factor family in Arabidopsis represents an obstacle to identify the precise 
roles of individual members because of functional redundancies (Toledo-Ortiz et al. 2003).  
Furthermore, only very limited knowledge is available for plant bHLH transcription factors 
and the few studied examples implicate these proteins in complex regulatory pathways 
(Bailey et al. 2003, Heim et al. 2003, Zhang et al. 2003). In the current study, we 
investigated the temporal and spatial expression of the bHLH25 gene, identified and 
characterized the expression of a bHLH25-interacting protein (bHLH27), and conducted 
functional characterizations that clearly implicate both bHLH25 and bHLH27 in mediating 
susceptibility to Heterodera schachtii.   
In our work using transgenic plants expressing the GUS reporter gene under the 
control of the bHLH25 promoter, we detected GUS activity under non-infected conditions 
only in the root and shoot apical meristems. However, under infected conditions, GUS 
expression was specifically and strongly activated in the nematode-induced feeding sites 
(syncytia) up to 14 dai. These observations confirmed the approach of Puthoff et al. (2003) in 
that not only cyst nematode-responsive genes were described but that those genes likely are 
intimately involved in the nematode-plant interactions as indicated by the expression in the 
syncytium. Shared gene expression between meristems and syncytia has been described 
before (de Almeida Engler et al. 1999, Mazarei et al. 2003) and is not surprising given the 
fact that syncytial cells reenter the cell cycle, albeit a shunted version thereof.  Furthermore, 
syncytial cells must initiate and regulate a differentiation process into mature, novel cell 
types, much like meristematic cells.  In the case of the bHLH25 transcription factor, this 
spatiotemporal expression pattern suggests a likely role for bHLH25 in controlling aspects of 
regulating a mersistematic cell state or a subsequent maturation of undifferentiated precursor 
cells, among other activities shared between syncytia and meristems. Consistent with this 
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hypothesis, bHLH25 target genes, therefore, could be part of a gene expression network that 
functions to manipulate mature root cells to regain a meristematic state or to form a 
syncytium.  
However, bHLH25 cannot function alone.  The C-terminal helix-loop-helix regions of 
bHLH transcription factors mediate the formation of homo- and heterodimers, which is 
required for DNA-binding and transcriptional regulatory activity (Toledo-Ortiz et al. 2003).  
Homodimerization and heterodimerization among Arabidopsis bHLH proteins have been 
reported and the formation of a wide range of dimer combinations is believed to generate 
distinct mechanisms by which bHLH transcription factors regulate diverse transcriptional 
networks (Fairchild et al. 2000).Thus, we used bHLH25 as bait in Y2H screens to identify 
potential protein interactors, anticipating that other transcription factors would be identified. 
Proving this expectation correct, we identified bHLH27 as a consistent and reproducible 
interactor of bHLH25, both in yeast and in nuclei in planta.  Biological relevance of this 
documented protein-protein interaction, however, can only be deduced if both genes are 
expressed in the same cells, allowing the proteins to meet in planta.  Our observation that 
bHLH25 and bHLH27 expression, as estimated by our promoter studies, did not reveal an 
expression overlap in non-infected plants cast doubts on our Y2H results.  However, these 
doubts were eliminated when in our bHLH25 and bHLH27 promoter::GUS lines, strong GUS 
activity was detectable in the nematode feeding sites. These results not only validated our 
protein-protein interaction, they also uncovered the most interesting concept that cyst 
nematode parasitism apparently generated the unique opportunity for two transcription 
factors that in non-infected plants would not be co-expressed, to now bind and presumably 
exert a novel regulatory function in the plant cell’s transcription events.  Clearly, these 
findings are intriguing even when conceding that in our promoter-GUS studies we may have 
missed other co-expression location due to low levels of promoter activity.  If such 
undetected co-expression sites exist, they clearly are at very low levels and not at the 
intensity observed in syncytia.  In other words, the co-evolution of plant and parasite has 
resulted in the nematode’s ability to draw plant regulatory components together that in the 
non-infected plants have not evolved to work in concert.   
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Given our data that show bHLH25 and bHLH27 binding both in yeast and in planta, 
it appears most plausible that a dimerization of bHLH25 and bHLH27 is taking place in 
syncytia and that novel and specific gene regulatory functions are generated through the 
action of the parasitizing cyst nematode. Dimerization of bHLH25 and bHLH27 most likely 
produces the ability of these transcription factors to control distinct sets of target genes in the 
developing syncytial cells.   
To further scrutinize our predictions of bHLH25 and bHLH27 to form functional 
dimers in the syncytium, we conducted genetic studies using mutant lines.  Our hypothesis 
was that functional redundancies, frequently found in large gene families, would prevent 
phenotypes in single mutants, but that a double mutant should exhibit discernable changes.  
As expected, we found that both bhlh25 and bhlh27 single mutants were morphologically 
mostly indistinguishable from the wild type and exhibited no changes in susceptibility to H. 
schachtii infection.  Similar findings have been reported also for other members of this 
protein group (Leivar et al. 2008, Lorrain et al. 2009, Shin et al. 2009). However, the 
bhlh25/bhlh27 double mutant was significantly less susceptible to H. schachtii than the wild 
type.  These data point to critically important, conducive functions of bHLH25/bHLH27 co-
expression in the cyst nematode pathosystem. Furthermore, these data give strong support to 
the predicted bHLH25/bHLH27 heterodimer in the syncytium.  Finally, this observation also 
documents functional redundancy for the bHLH25/bHLH27 dimer in the syncytium – 
otherwise the single mutant should have shown altered susceptibility.  In other words, a more 
complex involvement of bHLH transcription factors in the cyst nematode pathosytem can be 
expected.  To take our observations one step further, the fact that the double mutant did not 
show additional root morphological changes provides further support for our observation that 
bHLH25 and bHLH27 do not have cells of co-expression other than the syncytium, thereby 
reaffirming the notion that cyst nematode infection brings about novel transcription factor 
dimers and likely novel gene regulatory specificities. 
While our mutant analyses alone documented an important positive effect for the 
bHLH25/bHLH27 dimer during cyst nematode infection, our overexpression experiments 
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also very convincingly showed that bHLH25 and bHLH27 act as positive regulators to 
mediate plant susceptibility to H. schachtii. Transgenic Arabidopsis overexpressing bHLH25 
or bHLH27 transcription factor genes as well as lines overexpressing both were significantly 
more susceptible to cyst nematodes than the wild type.  
Our data presented here provided novel insight into the function of bHLH 
transcription factors including a positive effect on successful cyst nematode infection.  
Maybe more intriguingly, the study of these genes has shown that an obligate parasite has 
evolved the ability to bring together two transcription factors usually not functioning in 
concert.  The remaining question obviously is centered on the new gene expression 
specificities conditioned by the bHLH25/bHLH27 dimer.  Further study to answer this 
question undoubtedly bears substantial promise for an understanding of cyst nematode 
parasitism in general.  
 
Materials and Methods 
Plant materials and growth conditions. 
Arabidopsis (Arabidopsis thaliana; ecotype C24 and Columbia-0) was used in this 
study. Seeds were surface-sterilized in 50% commercial bleach with 0.1% Tween20 for 5 
min followed by five washes in sterile water. Plants were grown under sterile conditions on 
Murashige and Skoog (MS) medium (PlantMedia, Dublin, OH) containing 2% sucrose 
solidified with 0.8% Phyto Agar (Research Products International Corp, Mt. Prospect, IL) or 
in Metro-Mix 200 soil mixture (Sun Gro Horticulture, Bellevue, WA) in a growth chamber 
(16-h-light/8-h-dark) at 23°C. 
Identification of bhlh25 and bhlh27 mutants. 
Two T-DNA insertional mutants (bhlh25 and bhlh27) in the Columbia-0 background 
were obtained from the SALK collection (Alonso et al. 2003). Sequence analysis revealed 
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that the T-DNA is inserted in the promoter of bhlh25 (SALK_080900C), 472 bp upstream of 
the translation initiation codon (Fig S2A) and in intron 4 of bhlh27 (SALK_149244C), 1,935 
bp downstream of the translation initiation codon (Fig S2B). The homozygosity of these two 
mutants was verified using the primer pairs LBb1.3/25RP and 25LP/25RP for bhlh25 and 
LBb1.3/27RP and 27LP/27RP for bhlh27 (Table S1) and the mRNA expression level was 
detected by qRT-PCR (Fig S2C). 
Plasmid construction and generation of transgenic Arabidopsis lines. 
For the bHLH25 promoter::GUS construct, a 1,137 bp fragment upstream of the 
translation initiation codon of the bHLH25 gene was amplified from genomic DNA using 
primer pairs containing SalI and BamHI restriction sites in the forward and reverse primers, 
respectively (Table S1). PCR products were digested, gel purified, and cloned into 
SalI/BamHI sites of binary vector pBI101. For the bHLH27 promoter::GUS construct, a 
1,779 bp fragment upstream of the translation initiation codon of bHLH27 was amplified 
from genomic DNA using primer pairs containing SalI and SmaI restriction sites in the 
forward and reverse primers, respectively (Table S1) and cloned into SalI and SmaI 
restriction sites of binary vector pBI101. For overexpression constructs, the coding regions of 
bHLH25 and bHLH27 were amplified from Arabidopsis cDNA using gene-specific primers 
designed to create the BamHI and SacI restriction sites in the bHLH25 forward and bHLH25 
reverse primers, respectively and SacI and BamHI restriction sites in the bHLH27 forward 
and bHLH27 reverse primers, respectively (Table S1). The amplified bHLH25 fragment was 
then cloned into the respective sites in the binary vector pBI121 while the coding region of 
bHLH27 was cloned into the binary vector pCHF1. All constructs were confirmed by 
sequencing and introduced into Arabidopsis by Agrobacterium tumefaciens-mediated 
transformation following the floral dip method (Clough and Bent 1998). Transgenic plants 
co-overexpressing bHLH25 and bHLH27 were generated by floral dipping bHLH25-
overexpression plants into Agrobacterium suspension culture containing bHLH27 
overexpression construct.  
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Nematode susceptibility assay. 
Transgenic Arabidopsis seeds (homozygous T3 lines) and wild-type controls (Col-0 
or C24) were surface sterilized and planted in a random block design in 12-well Falcon 
culture plates (BD Biosciences, San Jose, CA) containing modified Knop's medium (Sijmons 
et al. 1991) solidified with 0.8% Daishin agar (Brunschwig Chemie, Amsterdam, The 
Netherlands). Plants were grown at 26°C under 16-h-light/8-h-dark conditions. Ten-day-old 
seedlings were inoculated with ~200 surface-sterilized J2 Heterodera schachtii as previously 
described by Baum et al. (2000). Three weeks post inoculation, the number of H. schachtii J4 
females was counted using a dissecting microscope. Each plant line was replicated at least 15 
times, and three independent experiments were carried-out. Average numbers of J4 females 
were calculated, and statistically significant differences between plant lines and the 
corresponding wild-type control were determined in a modified t-test using the statistical 
software package SAS. 
Histochemical detection of GUS activity. 
The histochemical detection of GUS activity was carried out with the substrate 5-
bromo-4-chloro-3-indolylglucuronide (X-Gluc, Research Products International Corp, Mt. 
Prospect, IL) according to Jefferson et al. (1987). At different time points post inoculation 
with H. schachtii, both infected and non-infected plants were stained with GUS solution at 37℃ 
overnight. After GUS staining, plants were incubated in 70% ethanol to remove chlorophyll 
from the green tissues or prepared for further sectioning. Standard protocols for paraffin 
sections were applied (Horner et al. 2003). Stained tissues and section slides were observed 
and photographed with a Zeiss Axiovert 100 microscope.  
Quantitative real-time RT-PCR. 
Total RNA was extracted from approximately 100 mg Arabidopsis roots using the 
RNAqueous kit (Ambion, Austin, TX) following the manufacturer’s instructions. Genomic 
DNA contamination was completely removed from the samples by DNase I (Invitrogen, 
Carlsbad, CA) treatment. Gene-specific primers to Arabidopsis bHLH25 (At4g37850), 
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bHLH27 (At4g29930), Actin8 (At1g49240) were designed and used (Table S1) in 
quantitative real-time RT-PCR. PCR reactions were run in an ICycler (Bio-Rad, Hercules, 
CA). PCR program and quantification of the relative changes in gene expression were 
conducted according to Livak and Schmittgen (2001). 
Root length and cotyledon size measurements. 
For root length measurement, Arabidopsis seeds were planted into Nunc 4-well plates 
(Thermo Fisher Scientific, Rockford, IL) containing modified Knop’s medium. Plates were 
incubated in a vertical position in a growth chamber at 26°C under 16-h-light/8-h-dark 
conditions. Ten days after planting, the root length of at least 30 plants per line was measured 
as the distance between the crown and the tip of the primary root in three independent 
experiments. Statistically significant differences between transgenic lines and the wild-type 
control were determined by unadjusted unpaired t test (P < 0.01). For cotyledon size 
measurement, Arabidopsis seeds were planted in petri dishes (150 x15 mm) containing 
modified Knop’s medium, and five-day-old seedlings were used to measure cotyledon size. 
For each line, eight plants were randomly selected and photographed on a Zeiss Stemi SV11 
dissecting microscope using a Zeiss AxioCam MRc5 digital camera. Cotyledon size 
measurement was performed using a Wacom Intuos 3, 9″x12″ drawing tablet (Wacom 
Technology) where the total areas of cotyledons were outlined and measured as square 
millimeters. Significance of size differences between transgenic lines and wild-type control 
was determined using unadjusted unpaired t test.  
Yeast two-hybrid screen. 
Yeast two-hybrid screening was performed as described in the BD Matchmaker 
Library Construction and Screening Kits (Clontech, Mountain View, CA). The coding 
sequence of bHLH25 was fused to the GAL4 DNA binding domain of the pGBKT7 vector 
and then transferred into Saccharomyces cerevisiae strain Y187 to generate the bait strain. 
Three prey libraries were generated from Arabidopsis roots (ecotype C24) at 3, 7, and 10 
days post H. schachtii infection as a fusion to the GAL4 activation domain of pGADT7-Rec2 
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vector and transferred into S. cerevisiae strain AH109 (Hewezi et al. 2008). Screening for 
interacting proteins and the subsequent analyses were carried out as described in the 
manufacturer’s instructions.  
Bimolecular fluorescence complementation assays of bHLH25 and bHLH27. 
The bHLH25 and bHLH27 coding sequences were amplified using gene-specific 
primer pairs containing XhoI and BamHI restriction enzyme sites in the forward and reverse 
primers, respectively (Table S1). The resulting amplified fragment of bHLH25 was cloned 
into the respective sites in the pSAT4-nEYFP-C1 vector to generate pSAT4-nEYFP-bHLH25. 
Similarly, the coding sequence of bHLH27 was cloned in the pSAT4-cEYFP-C1-B vector to 
generate pSAT4-cEYFP-bHLH27 (Citovsky et al. 2006). Both recombinant plasmids were 
confirmed by sequencing and coexpressed in onion (Allium cepa) epidermal cells using 
particle bombardment as previously described by Hewezi et al. (2008). After 16-20 h 
incubation at 25℃ in the darkness, the onion cells were observed and photographed using the 
Zeiss Axiovert 100 microscope. 
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Fig. 1. Histochemical localization of GUS activity in transgenic Arabidopsis plants harboring 
the bHLH25 promoter::GUS construct.  
Three independent homozygous T3 lines expressing the bHLH25 promoter::GUS construct 
were generated, and GUS activity was histochemically analyzed in both non-infected and 
infected plants. A and B, GUS staining in the root meristem. Whole mount (A) and 5 µm-
thick section (B) of non-infected plants. C and D, GUS staining in the shoot apical meristem. 
Whole mount (C) and a magnified view of apical meristem (D) of non-infected plants. E to H, 
GUS staining in syncytia of Heterodera schachtii at 3 days after inoculation (dai) (E, F), 8 
dai (G) and 14 dai (H). Arrows point to nematodes and S indicates syncytium. 
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Fig 2. Specific interaction between bHLH25 and bHLH27 transcription factors. 
A, Positive interaction between bHLH25 and bHLH27 shown by α-galactosidase (α-Gal) 
activity (blue color) on nonselective medium (SD/-Leu/-Trp/ α-Gal) and by differential 
growth on selective medium (SD/-Leu/-Trp/-Ade/-His). Yeast strain AH109 was co-
transformed with the bHLH27 prey vector in combination with either the bHLH25 bait vector, 
empty bait vector or the human Lamin C bait vector and plated on both nonselective and 
selective media.  
B, α-Gal quantitative assay. Three days after culture, 10 individual colonies of each 
combination from Figure 2A were picked to quantify the interaction using α-Gal activity. 
Activity was significantly higher in yeast cells expressing the bHLH25 and bHLH27 
constructs when compared with the other two combinations.  
C, bHLH25 and bHLH27 interact specifically in planta. Bimolecular Fluorescence 
Complementation assay was used to confirm the interaction. Onion epidermal cells were co-
bombarded with constructs expressing the nEYFP-bHLH25 and cEYFP-bHLH27.  Bright 
field, YFP and merged images were taken 20 h after bombardment. YFP signals show the 
specific interaction between bHLH25 and bHLH27 taking place in the nucleus of onion 
epidermal cells.   
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Fig 3. Histochemical localization of GUS activity in transgenic Arabidopsis plants expressing 
the bHLH27 promoter::GUS construct. 
Three independent homozygous T3 lines expressing the bHLH27 promoter::GUS construct 
were generated, and GUS activity was histochemically analyzed in both non-infected and 
infected plants. A and B, GUS staining in lateral root promordium. Whole mount (A) and a 
magnified image (B). C to F, GUS staining in syncytia of H. schachtii at 3 days after 
inoculation (dai) (C, D), 8 dai (E) and 14 dai (F). Arrows point to nematodes and S indicates 
syncytium. 
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Fig 4. Phenotype of Arabidopsis lines with altered bHLH25 or bHLH27 expression. A, B, C, 
Homozygous T3 plants overexpressing bHLH25 (b25OE) alone or co-overexpressing 
bHLH25 and bHLH27 (b25/27OE) exhibited longer roots (A), more lateral roots (B), 
enlarged cotyledons (C) than the wild type at 7 days after planting. D, E, F, Homozygous T3 
plants overexpressing bHLH27 (b27OE) alone and homozygous bhlh27 mutant plants (b27 
mutant) exhibited root lengths similar to the wild type (D).  b27OE plants showed more 
lateral roots (E) and enlarged cotyledons (F), while b27 mutant plants exhibited non-
significantly fewer lateral roots (E) and significantly smaller cotyledons (F) than wild type at 
7 days after planting. Data are presented as means of three independent experiments ± the 
standard error (SE). Mean values significantly different from wild type were determined by 
unadjusted unpaired t tests (P<0.01) and denoted by asterisks. The difference in root length, 
lateral root number and cotyledon size between wild type and transgenic plants were 
observed in at least three independent transgenic lines. 
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Fig. 5. Susceptibility to Heterodera schachtii of Arabidopsis lines with altered bHLH25 or 
bHLH27 expression   
Arabidopsis plants overexpressing bHLH25 (b25OE) (A), bHLH27 (b27OE) (B), or co-
overexpressing bHLH25 and bHLH27 (b25/27OE) (C) showed increased susceptibility to H. 
schachtii. In contrast, the homozygous bhlh25/bhlh27 double mutant (b25/27 mutant) (D) 
showed decreased susceptibility to H. schachtii. Mutant lines along with wild-type plants 
were planted into 12-well plates containing modified Knop’s medium, and 10-day-old plants 
were inoculated with ~200 surface-sterilized H. schachtii second-stage nematodes for each 
plant. Three weeks after inoculation, the number of fourth-stage female (J4) nematodes per 
plant was counted. Mean values significantly different (*) from the wild type were 
determined by modified t tests using the statistical software package SAS (P<0.05). The 
difference in average of J4 females between wild type and transgenic plants was observed in 
at least three independent transgenic lines. 
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Fig. S1. Upregulation of bHLH25 and bHLH27 in wild-type Arabidopsis roots in response to 
Heterodera schachtii infection. The expression levels of bHLH25 and bHLH27 were 
quantified by quantitative real-time RT-PCR in root tissues of wild-type plants. Infected and 
non-infected roots were collected at 3, 8 and 14 dai. Data are averages of three biologically 
independent experiments. Actin8 was used as internal control to normalize mRNA expression 
levels. Mean values significantly different from the non-infected control were determined by 
unadjusted paired t tests. Asterisks indicate mean fold-changes significantly different from 
those of non-infected wild-type roots (* P<0.05, ** P<0.01). 
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Fig. S2. Characterization of Arabidopsis bhlh25 and bhlh27 mutants.  
A, B, Schematic representation of bhlh25 and bhlh27 mutants showing locations of T-DNA 
insertions. Black boxes indicate exons, lines between black boxes indicate introns. (A) 
bHLH25 encompasses four exons and three introns and the T-DNA insertion is located 472 
bp upstream of the translation start codon (ATG). (B) bHLH27 encompasses five exons and 
four introns and the T-DNA insertion is located 1,935 bp downstream of the translation start 
codon (ATG).  
C, bHLH25 and bHLH27 mRNA accumulation in bhlh25 and bhlh27 mutants, respectively. 
Data obtained from three biologically independent experiments showed more than 5-fold-
downregulation when compared to the expression level in wild-type plants. bHLH25 and 
bHLH27 mRNA abundance was determined by qRT-PCR using gene-specific primers. 
Actin8 was used as internal control to normalize gene expression level.   
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Fig. S3. Upregulation of transcription factor genes bHLH18 and bHLH20 in wild-type 
Arabidopsis roots at 3 days after inoculation with Heterodera schachtii.  
The expression levels of bHL18 and bHLH20 were quantified by quantitative real-time RT-
PCR in root tissues of wild-type plants. Infected and non-infected roots were collected at 
3dai. Data are averages of three biologically independent experiments. Actin8 was used as 
internal control to normalize gene expression levels. Mean values significantly different from 
those of non-infected control roots were determined by unadjusted paired t tests. Asterisks 
indicate mean fold-changes significantly different from those of non-infected wild-type roots 
(* P<0.05).  
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Table S1. Primers used in this study 
Experiment Gene Direction Sequence 5'Æ3'   
qRT-PCR 
bHLH25 Forward CCGCTCTAGTTCCTGGCCTTAAAAAG   
Reverse TCTGTTCCTCCAACTCTCCCACTC   
bHLH27 Forward TTCACCTCTCGTCTCTCCACCAC   
Reverse GCTGCGATGGCCATCTGTATCTT      
bHLH18 Forward GTTCTTATTAAGATCCTATGCG   
Reverse GACAAACCAAGCTTTTCAAT      
bHLH20 Forward GAAGTAGTCAATAGCTTCACTT   
Reverse TCAACTGGTCGAGAAAATTT     
Actin8 Forward AGTGGTCGTACAACCGGTATTGT   
Reverse GAGGATAGCATGTGGAAGTGAGAA   
Promoter 
bHLH25 Forward TCAAGTCGACCCACAATTTGATT   
Reverse ATGGATCCTGCTGTTGCCTCTGAAAATCTG   
bHLH27 Forward ATATGTCGACAATAAACAAAAGGAAATACGATTAT 
Reverse ATAT CCCGGGTTTTCGGACACACAAAGATGATGCT 
Overexpression 
bHLH25 Forward TATAGGATCCATGAGTATCTT ATCCACAAGATGG  
Reverse TATAGAGCTCTCATATGAAATTCGACAAAGCAG 
bHLH27 Forward TATAGAGCTCATGGAAGATCTCGACCATGAGTACAAG 
Reverse TATAGGATCCTTAGAAGTTGATAAGACAATTTGGATC 
BiFC 
bHLH25 Forward ATATCTCGAGCAATGAGTATCTTATCCACAAGATGGTT 
Reverse ATATGGATCCTCATATGAAATTCGACAAAGCAGACCTT 
bHLH27 Forward TATACTCGAGCTATGGAAGATCTCGACCATGAGTACAAG 
Reverse TATAGGATCCTTAGAAGTTGATAAGACAATTTGGATC 
Yeast-Two-Hybrid 
bHLH25 Forward TATAGGATCCGTATGAGTATCTTATCCACAAGATGG 
(pGBKT7) Reverse TATACTGCAGTCATATGAAATTCGACAAAGCAGA 
bHLH27  Forward TATACATATGATGGAAGATCTCGACCATGAGTACAAG 
(pGADT7) Reverse TATAGGATCCTTAGAAGTTGATAAGACAATTTGGATC 
T-DNA mutant  
bHLH25 25LP TTCAATTGGACCCACAATTTG    
25RP TTAGCAGATCATCTTGGGTTTC      
bHLH27 27LP TTTGTGAGGCAAGAAATACTCG   screening 27RP TCCATTTTTAATTTGTCGCAAC      
LBb1.3   ATTTTGCCGATTTCGGAAC           
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Chapter 4. Arabidopsis Peroxidase 53 Influences Cell Elongation and 
Susceptibility to Heterodera schachtii 
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Abstract 
Cyst nematodes belong to the most damaging root parasites of crops worldwide. 
These sedentary endoparasites establish and maintain feeding sites (called syncytia) in the 
roots by altering host gene expression, which includes the large gene family of class III 
peroxidases (EC 1.11.1.7). Very limited information is available about the specific functions 
of individual isoforms in general and in the compatible interaction between cyst nematodes 
and plant hosts in particular. In the current study, we used Arabidopsis-Heterodera schachtii 
as a model system and addressed the potential role of one isoform, peroxidase 53 (PRX53). 
Promoter activity assays showed that under non-infected conditions PRX53 is expressed 
mainly in the root vascular tissue (except the meristem and elongation zone), the hypocotyl 
and the base of the pistil. During cyst nematode infection, GUS activity was strongly 
upregulated in the root tissue damaged by the invading nematodes but also within the H. 
schachtii-induced feeding sites. The fact that no differences in lignification as a function of 
PRX53 expression and no lignification of the syncytium were observed, ruled out a possible 
involvement of PRX53 in lignification during cyst nematode parasitism. Furthermore, 
peroxidases have been reported to generate reactive oxygen species (ROS), but the absence 
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of upregulation of pathogenesis-related genes in a PRX53 overexpression line suggests that 
PRX53 is not involved in the generation of ROS and the subsequent activation of defense 
response. Short hypocotyls in PRX53 overexpression lines and long hypocotyls in a null 
mutant line argue against a role of PRX53 in mediating cell elongation through cell wall 
loosening or auxin catabolism as had been reported for other peroxidases. Other reports 
implicated peroxidases in the cross linking of cell wall components, and the observed 
hypocotyl alterations described above were in support of such a function. Furthermore, 
PRX53 overexpression lines showed decreased susceptibility to H. schachtii while the mutant 
line was more susceptible, which also supports a cell wall cross-linking activity of PRX53 
leading to the reinforcement of cell walls.  Expression of PRX53 in the syncytium, therefore, 
most likely serves the function of increasing cell wall strength to accommodate the growing 
syncytium.  Finally, PRX53 also has a likely function as part of the plant wound response to 
nematode penetration.  
 
Introduction 
Cyst nematodes are sedentary obligate biotrophic plant parasites that cause severe 
yield loss to crops worldwide (Sasser and Freckman 1987, Wrather et al. 2001). Infective 
second-stage juveniles (J2) penetrate roots and then migrate intracellularly in search of a 
suitable location to initiate a feeding site, called a syncytium. The formation of the syncytium 
is a tightly controlled process involving both the parasite and the host plant.  While nematode 
effector proteins, which are produced in the esophageal gland cells and secreted into host 
plant cells through the nematode stylet, are critical for the establishment of the feeding sites 
and nematode parasitism (Baum et al. 2007, Davis et al. 2000, Hewezi et al. 2008, 2010, 
Patel et al. 2010), host factors are also pivotal in this process (Gheysen and Mitchum 2009). 
Genome-wide expression profiling of the plant response to cyst nematode infection resulted 
in the identification of genes that are regulated by cyst nematode infection (Ithal et al. 2007, 
Klink et al. 2005, 2007, Puthoff et al. 2003, Szakasits et al. 2009). Despite considerable 
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progress in the identification of host genes responsive to cyst nematode infection, little is 
known about the functional roles of these genes during parasitism. Examination of plant 
genes differentially expressed in response to cyst nematode infection revealed that members 
of the peroxidase gene family frequently are among the highly responsive genes (Puthoff et 
al. 2003, Szakasits et al. 2009), which suggested an essential role during parasitism.  
The peroxidase superfamily is divided into three distantly related structural classes 
(Welinder 1992). Class I encompasses intracellular proteins and can be found in most living 
organisms but not in animals. These peroxidases function mainly in detoxifying excess H2O2 
(Shigeoka et al. 2002). Class II peroxidases are found exclusively in fungi and mostly act in 
degrading soil debris (Martinez et al. 2005). Class III peroxidases (EC 1.11.1.7) are found in 
land plants and contain amino-terminal signal peptides for secretion to the cell wall or 
vacuoles (Duroux and Welinder 2003, Hiraga et al. 2001, Tognolli et al. 2002). Genes 
coding for class III peroxidases have been duplicated extensively during evolution and thus 
form large gene families in all land plant species studied (Hiraga et al. 2001). Some of these 
enzymes have been shown to be involved in a wide range of physiological and 
developmental processes, which include cross-linking of cell wall components during cell 
wall formation and modification (Brownleader et al. 1995, Fry 1986), lignification 
(Marjamaa et al. 2009, Ostergaard et al. 2000), suberization (Bernards et al. 1999), and auxin 
catabolism (Cosio et al. 2009). Accumulated experimental evidence also implicates class III 
peroxidases in plant defense responses to pathogen/pest attacks, such as by bacteria 
(Almagro et al. 2009, Delannoy et al. 2003, Lehtonen et al. 2009), fungi (Chassot et al. 
2007), viruses (Diaz-Vivancos et al. 2006), insects (Little et al. 2007) and cyst nematodes 
(Simonetti et al. 2009).  Two major functional roles have been attributed to class III 
peroxidases in response to pathogen attack. The first role is the activity of cross-linking of 
cell wall components, which strengthens cell walls to impede pathogen invasion (Jackson et 
al. 2001, Showalter 1993).  A second role lies in the ability to generate reactive oxygen 
species (ROS) that produce adverse circumstances for pathogen survival (Torres et al. 2006, 
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Almagro et al. 2009) and/or trigger downstream signalling pathways to activate additional 
defense mechanisms (Bindschedler et al. 2006, Bolwell and Daudi 2009).  
The Arabidopsis (Arabidopsis thaliana) genome contains 73 genes predicted to 
encode class III peroxidases, of which only few have been functionally characterized 
(Bindshedler et al. 2006, Passardi et al. 2006, Tognolli et al. 2002).  A further understanding 
of peroxidase functions, thus, is of prime interest.  One member of the Arabidopsis class III 
peroxidase gene family, peroxidase 53 (PRX53), previouly has been shown to be upregulated 
in syncytium-enriched Arabidopsis roots at three days after inoculation with Heterodera 
schachti (Puthoff et al. 2003).  In the current study, we addressed the potential role of PRX53 
during plant-nematode interactions. Using promoter activity assays we showed that PRX53 is 
strongly upregulated in H. schachtii-induced feeding sites during early infection. Gain- and 
loss-of-function mutations showed effects on plant morphology as well as on susceptibility to 
H. schachtii.  Analysis of all data presented here suggests that PRX53 most likely is involved 
in cross-linking of cell wall compounds during H. schachtii-induced syncytium growth.   
 
Results 
PRX53 is upregulated in response to Heterodera schachtii infection, wounding, and jasmonic acid. 
To begin investigating the function of PRX53 in the plant response to cyst nematode 
infection, we used quantitative real-time RT-PCR (qRT-PCR) assays to assess the mRNA 
expression profile using gene-specific primers designed to discriminate between different 
members of the peroxidase gene family. Ten-day-old wild-type Arabidopsis seedlings (Col-0) 
were inoculated with H. schachtii, and root tissues were harvested from both infected and 
non-infected plants at 3, 8, and 14 days after inoculation (dai) for RNA extraction. Data from 
three independent experiments showed significant upregulation of PRX53 in H. schachtii-
infected roots at 3 and 8 dai relative to non-infected roots (Fig. 1), thus, confirming the 3 dai 
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observation of Puthoff et al. (2003). At 14 dai, PRX53 mRNA abundance had decreased to 
non-infected control levels (Fig. 1).  
In order to identify where PRX53 gene was expressed in the developing plant and 
infected roots, we generated transgenic Arabidopsis lines expressing the β-glucuronidase 
(GUS) reporter gene under the control of a PRX53 promoter. Three independent transgenic 
lines were analyzed and showed similar results. Under non-infected conditions, GUS activity 
was detected in the primary root but not in the meristem or the elongation zone of three-day-
old plants (Fig. 2A-B). GUS staining was also observed in the lateral roots of ten-day-old 
plants (Fig. 2C-D). In shoots of non-infected plants, GUS activity was discovered in the 
hypocotyl (Fig. 2A), the base of the pistil (Fig. 2E), and the internode of the silique (Fig. 2F).  
Under infected conditions, the PRX53 promoter showed activity at the site of root 
penetration of nematodes and in their migration paths.  Strong GUS activity was detectable in 
H. schachtii-induced syncytia as early as 3 dai (Fig. 2H), which was sustained also at 8 dai 
(Fig. 2I). At 14 dai, GUS activity remained strong in the syncytia of third-stage juveniles, but 
only weak or no GUS staining could be detected in the syncytia of fourth-stage females or 
males (Fig. 2J). These data implicated PRX53 in playing a role in the wound response and 
syncytium initiation and development.  
Because we observed GUS activity at the sites of nematode penetration and migration, 
we tested whether the expression of PRX53 can also be activated in response to wounding 
alone. Roots of pPRX53:GUS seedlings were wounded and 3 days post treatment, GUS 
activity was histochemically assayed. GUS expression increased around wounding sites (Fig. 
2G), which suggested that activation of PRX53 could be part of the plant wound response 
associated with the early infection process. 
Since jasmonic acid (JA) is well known as an essential signal in wound-induced gene 
expression, we assessed whether the PRX53 promoter contains JA-responsive cis-elements 
by scanning the PRX53 promoter region using the PLACE (Plant cis-acting elements) 
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database (Higo et al. 1999). Two JA-responsive cis elements (Boter et al. 2004) were 
identified (Table 2), potentially explaining the wound-responsiveness of the PRX53 promoter. 
We further investigated the mRNA expression level of PRX53 in response to JA treatment. In 
this experiment, ten-day-old Arabidopsis wild-type seedlings were treated with 100 µM 
methyl jasmonic acid (MeJA), and after 48 hours, root tissues were collected for RNA 
extraction and qRT-PCR analyses. Data obtained from three biological samples revealed 
significant upregulation of PRX53 in MeJA-treated roots compared to the non-treated control 
(Fig. 3). Also, our analysis revealed that the PRX53 promoter contains other stress-
responsive elements including ethylene- (Itzhaki et al. 1994, Montgomery et al. 1993) and 
ABA- (Nakashima et al. 2006) responsive cis-elements as well as two nematode boxes 
described by Ehlting et al. (2005) (Table 2). Though these regulatory cis-elements are 
potentially interesting, their functionality was not pursued further in this study. 
 
Morphology and nematode susceptibility as a function of altered PRX53 expression.  
To study the phenotypic effects of altered PRX53 expression, we obtained a Ds 
transposon insertional mutant line (prx53) from the Cold Spring Harbor Laboratory mutant 
collection (Martienssen 1998, Sundaresan et al. 1995).  Sequence analysis revealed that the 
Ds transposon had inserted into the third exon (Fig. 4A). The mRNA expression level of 
PRX53 was quantified in wild-type plants (Ler) and the homozygous mutant line using qRT-
PCR, which revealed that no PRX53 mRNA was detectable in the mutant (Fig. 4B). 
Morphological analyses of prx53 mutant revealed a long hypocotyl phenotype relative to 
wild-type plants (Fig. 5A). We also discovered at least one 3-carpel silique in 68% of the 
prx53 mutant plants assayed (Fig. 5B-E) while this phenotype was entirely absent from the 
wild type. In order to scrutinize this phenotype, we overexpressed the PRX53 coding 
sequence in the prx53 mutant.  The 3-carpel silique phenotype was partially rescued in that 
only 14% of the transgenic T1 plants exhibited this alteration, thereby validating this silique 
phenotype as a consequence of the prx53 mutant allele despite its low penetrance.  
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In order to evaluate the influence of PRX53 on nematode susceptibility, the prx53 
mutant along with the wild type were subjected to cyst nematode susceptibility assays. Ten-
day-old plants were inoculated with H. schachtii J2 nematodes and the number of J4 females 
was determined three weeks after inoculation and used to quantify plant susceptibility. Data 
obtained from four independent experiments showed a trend of increased susceptibility of the 
prx53 mutant compared to the wild type, and this increase was statistically significant in one 
out of the four experiments (Fig. 6A).  
Because we found that reduced PRX53 expression can affect both plant morphology 
and nematode susceptibility, it was particularly interesting to see whether elevated PRX53 
expression would produce opposite phenotypes. To investigate this question, we generated 
transgenic lines overexpressing the PRX53 coding sequence in the Col-0 background under 
the control of the CaMV 35S promoter. Three independent homozygous T3 lines with 
confirmed PRX53 mRNA abundance increases were phenotypically investigated. In contrast 
to the prx53 mutant, PRX53 overexpression lines exhibited significantly shorter hypocotyl 
lengths than the wild type (Fig. 5A). As was conducted for the prx53 mutant, we assayed 
PRX53-overexpressing T3 lines along with wild-type plants for susceptibility to H. schachtii 
in four independent experiments. Compared with the wild type, PRX53 overexpression plants 
exhibited reduced susceptibility to H. schachtii (Fig. 6B), which is the inverse of the prx53 
mutant phenotype described above. We also discovered altered silique morphology. We 
reproducibly observed a double silique phenotype in PRX53 overexpression lines albeit at a 
low frequency, i.e., ~5% of the tested lines had at least one double silique (Fig. 5F-G). 
Lignification. 
As has been reported, PRX53 may function in lignification (Ostergaard et al. 2000). 
We, therefore, tested the lignin deposition in the roots of the PRX53 overexpression lines as 
compared to the wild type at 3, 8 and 14 dai with H. schachtii using phloroglucinol staining, 
which produces a reddish color in lignified cells. No clear differences between the tested 
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lines could be observed (Fig. 7). After nematode infection, lignin staining was visible around 
the nematode head in two genotypes but never in or around the syncytium, i.e., the location 
where we had observed strong PRX53 promoter activity (Fig. 2J).  We, therefore, conclude 
that PRX53 has no function in lignifications during cyst nematode infection. 
Pathogenesis-related gene expression.  
Peroxidases have been demonstrated to play a role in generating reactive oxygen 
species (ROS), which in turn function as signaling molecules in defense responses (Kawano, 
2003, Bindschedler et al. 2006). If PRX53 had a function in ROS generation then this 
activity should be reflected in changes of mRNA abundances of pathogenesis-related (PR) 
genes.  In particular, PR genes should be upregulated in PRX53 overexpression lines. To test 
this hypothesis, we quantified the expression level of seven PR genes (PR-1, PR-2, PR-3, 
PR-4, PR-6, PDF1.2 and PAD4) in the roots of PRX53 overexpression lines and wild-type 
plants using qRT-PCR. Data obtained from three independent experiments showed that the 
expression levels of PR-1, PR-2 and PR-3 were similar to those in the wild type (Fig. 8), 
while PR-6 and PDF1.2 were undetectable in roots. In contrast, PR-4 and PAD4 showed 
significant downregulation in the roots of PRX53 overexpression plants compared to the 
wild-type plants. Absence of upregulation of PR genes in the tested PRX53 overexpression 
lines indicates that PRX53 does not function in ROS-mediated activation of defense response 
signaling in the roots.  
 
Discussion 
Secreted class III peroxidases represent a large plant protein family believed to be 
involved in a variety of physiological processes such as auxin catabolism, lignification, 
suberization, defense responses, and cell wall cross-linking (Cosio and Dunand 2009). 
Functional characterization of individual isoforms is complicated because of genetic 
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redundancies and low substrate specificities in vitro.  In this study, we report on our work to 
determine the roles of PRX53 in plant development and cyst nematode parasitism.  
Using promoter-GUS fusion assays, we demonstrated that the PRX53 promoter was 
active in the root vascular tissue, the sites of lateral root emergence as well as in the base of 
the flowers and maturing siliques.  Because our qRT-PCR studies revealed a significant 
increase of PRX53 mRNA abundance early on during cyst nematode infection when 
penetration and migration through root tissues are associated with massive wounding of root 
tissues, we tested whether the expression of PRX53 can be induced by wounding.  In this 
experiment, we showed that the PRX53 promoter in fact is wound responsive. Wounding and 
pathogen responses share overlapping signaling pathways (Cheong et al. 2002, Maleck and 
Dietrich 1999, Reymond et al. 2000) in which JA is a key factor (Dong 1998). Therefore, we 
tested the PRX53 expression in response to JA application. We found that PRX53 expression 
was highly upregulated after JA treatment. This result is consistent with the existence of two 
JA-responsive cis-elements in PRX53 promoter.  
However, when assaying GUS activity following cyst nematode infection, we 
documented higher GUS activity not only at the site of penetration or the migration path, but 
rather in the developing syncytium at 3 and 8 days post H. schachtii inoculation. Once the 
syncytium had assumed its maximum size (14 dai), promoter activity largely ceased, 
demonstrating a role for PRX53 only in the early stages of nematode infection when initiation 
and expansion of the syncytium are taking place.  In other words, the role of PRX53 during 
cyst nematode infection most likely is part of a classical plant wound response but also is 
associated directly with the growing syncytium. 
Interestingly, the prx53 mutant showed a trend of elevated susceptibility to cyst 
nematodes. In contrast, PRX53 overexpression lines exhibited the opposite phenotype of 
reduced susceptibility. These data provide a convincing reason to claim an important role of 
PRX53 during plant-nematode interactions. Also, prx53 mutant and PRX53 overexpression 
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plants exhibited opposite morphological changes.  While prx53 mutant showed long 
hypocotyls and three-carpel silique phenotypes, the PRX53 overexpression lines exhibited 
short hypocotyls as well as aberrant flower organ numbers in that two pistils originated from 
one flower. Our observation that the PRX53 promoter was highly active in the base tissues of 
flowers corroborates our discovery of these morphological aberrations in the knockout and 
overexpression mutants.  In other words, the three-carpel silique phenotype found in the 
prx53 mutant is most likely associated with the absence of PRX53 activity and the 
constitutive overexpression of PRX53 resulted in morphological changes in the same tissue, 
asserting a likely function of PRX53 in the formation of the Arabidopsis pistil. 
PRX53, as an extracellular peroxidase, was first isolated from highly lignifying 
Arabidopsis cell suspension culture, suggesting a role of this gene in lignin biosynthesis 
(Ostergaard et al. 1996). However, we did not detect any clear lignin deposition changes 
between Arabidopsis lines with increased PRX53 expression and the corresponding wild-type 
plants using phloroglucinol staining.  Lignin deposition was only observed around the 
nematode head and to comparable degrees in all tested lines suggesting that PRX53 does not 
play a major role in lignification during the expansion of the nematode feeding site.  
Another known function of peroxidases is generating ROS in SA-, JA- or ET-
mediated defense response pathways (Almagro et al. 2009). To test whether PRX53 
functions in this manner, we quantified the expression of PR genes in PRX53 overexpression 
plants using qRT-PCR.  None of the PR genes showed upregulation in the transgenic plants 
overexpressing PRX53 relative to the wild type. In contrast, two PR genes, PR4 and PAD4, 
exhibited significant downregulated indicating that PRX53 is not involved in the generation 
of ROS and the activation of defense responses.  
An additional possible role of PRX53 is mediating cell growth through several 
different mechanisms (Passardi et al. 2004). First, peroxidases can activate cell elongation by 
generating ROS to cleave cell wall polymers, which loosens the cell wall, resulting in 
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increased cell size (Cordoba-Pedregosa et al. 1996, Fry 1998, Schweikert et al. 2000). As a 
second possibility, peroxidases can induce cell growth also through IAA signaling pathways 
(Kawano 2003).  For instant, Cosio et al (2009) found that transgenic Arabidopsis 
constitutively expressing a zucchini peroxidase, which showed an auxin oxidase activity in 
vitro, exhibited longer hypocotyl lengths than wild-type plants.  In both cases, increased 
peroxidase activity led to increased cell size.  However, our data showed the exact opposite 
phenotypes of short hypocotyls in the PRX53 overexpression line and long hypocotyls in the 
mutant line, which argues against a role of PRX53 in mediating cell elongation through cell 
wall loosening or auxin catabolism.  
A shortened or lengthened hypocotyl is a clear indicator of reduced or activated cell 
elongation, respectively, as no further cell divisions are taking place in this plant tissue 
(Gendreau et al. 1997). Our observation of reduced hypocotyl length in the PRX53 
overexpression lines and increased length in the prx53 mutant, therefore, suggested a strong 
negative effect of PRX53 on cell elongation. In fact, plant peroxidases have been reported to 
inhibit cell elongation by catalyzing cross linking of phenolic groups and proteins such as 
extensins (Ahmed et al. 1995, Brownleader et al. 1995) or compounds like ferulic acid, 
monolignol and aliphatic components (Fry 1986, Macadam et al. 1992, Wallace and Fry 
1999, Warneck et al. 1996).  The short and long hypocotyl phenotypes found in PRX53 
overexpression and prx53 mutant lines, respectively, provide strong support for the 
hypothesis that PRX53 could catalyze the cross linking of cell wall compounds to modulate, 
or potentially counteract, cell elongation. Such a role also makes sense with regard to the 
expression of PRX53 in the developing syncytium.  After the competent cell is selected by 
the nematode, substantial cell wall changes and cell expansions occur as can be seen by the 
conspicuous swelling of Arabidopsis roots in the area of a syncytium.  Cell wall cross linking 
during this phase appears to be an important component of controlled expansion of this novel 
plant organ. Once the syncytium is fully developed, the cell wall reorganization and 
extension discontinue and the expression of PRX53 is inhibited, which is what we observed 
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in our studies where the PRX53 promoter was inactivated in the mature syncytium at 14 dai. 
Consistent with this hypothesis PRX53 is not expressed in the zone of root elongation but 
becomes active only in adjacent older root tissues, i.e., when cells cease growth and their cell 
walls need to be hardened.   
Such a scenario could also explain the reduced susceptibility of PRX53 
overexpression lines, which most likely is due to a reinforcement of cell walls, which could 
impede H. schachtii infection. The weak effect of PRX53 overexpression on nematode 
susceptibility could be due to the fact that early reinforcement of cell walls was not strong 
enough to inhibit H. schachtii invasion. The fact that the Arabidopsis genome contains a high 
number of genes coding for peroxidases with likely redundant functions could explain the 
only slight effect of the prx53 mutant on nematode susceptibility. A considerable 
upregulation (~5 fold) of PRX54 mRNA level by qRT-PCR, which shares 73% amino acid 
identity with PRX53, at 3 dai with H. schachtii reinforces this interpretation (data not shown). 
 
Materials and Methods 
Plant materials and growth conditions. 
Arabidopsis [ecotype Columbia-0 (Col-0) and Landsberg erecta (Ler)] were used in 
this study. Seeds were surface-sterilized in 50% commercial bleach with 0.1% Tween20 for 5 
min followed by five washes in sterile water. Plants were grown on Murashige and Skoog 
(MS) medium (PlantMedia, Dublin, OH) containing 2% sucrose solidified with 0.8% Phyto 
Agar (Research Products International Corp, Mt. Prospect, IL ) or in Metro-Mix 200 soil 
mixture (Sun Gro Horticulture, Bellevue, WA ) in a growth chamber (16-h-light/8-h-dark) at 
23°C. 
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Identification of prx53 mutant. 
One Ds transposon insertional mutant (ET11708, prx53) in the Ler background was 
obtained from the Cold Spring Harbor Laboratory mutant collection (Martienssen 1998, 
Sundaresan et al. 1995). Sequence analysis revealed that the Ds transposon element is 
inserted in exon 3, 550 bp downstream of the translation start codon. The homozygosity of 
this mutant was verified using the primer pairs Forward/Ds3-4, Reverse/Ds5-4 and 
Foward/Reverse (Table 1) and the mRNA expression level was quantified by quantitative 
real-time RT-PCR (qRT-PCR) using gene-specific primers for PRX53 (Table 1). 
Plasmid construction and generation of transgenic Arabidopsis lines. 
For the PRX53 promoter:GUS (pPRX53:GUS) construct, a 986 bp fragment upstream 
of the translation start codon of the PRX53 gene was amplified from genomic DNA using 
primer pairs containing SalI and BamHI restriction sites in the forward and reverse primers, 
respectively (Table 1). PCR products were digested, gel purified, and cloned into SalI/BamHI 
sites of the binary vector pBI101. For the overexpression construct, the coding sequence of 
PRX53 was amplified from Arabidopsis cDNA using gene-specific primers designed to 
create the BamHI and SacI restriction sites in PRX53 forward and reverse primers, 
respectively (Table 1). The amplified PRX53 fragment was then cloned into the respective 
sites in the binary vector pBI121. All constructs were confirmed by sequencing and 
introduced into Arabidopsis by Agrobacterium tumefaciens-mediated transformation 
following the floral dip method (Clough and Bent 1998).  
Nematode susceptibility assay. 
Arabidopsis seeds of transgenic homozygous T3 lines, prx53 mutant and wild-type 
controls (Col-0 or Ler) were surface sterilized and planted in a random block design in 12-
well Falcon culture plates (BD Biosciences, San Jose, CA) containing modified Knop's 
medium (Sijmons et al. 1991) solidified with 0.8% Daishin agar (Brunschwig Chemie, 
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Amsterdam, The Netherlands). Plants were grown at 26°C under 16-h-light/8-h-dark 
conditions. Ten-day-old seedlings were inoculated with ~200 surface-sterilized J2 
Heterodera schachtii as previously described by Baum et al. (2000). Three weeks post 
inoculation, the number of H. schachtii J4 females was counted using a dissecting 
microscope. Each plant line was replicated at least 15 times, and four independent 
experiments were carried out. Average numbers of J4 females were calculated, and 
statistically significant differences between plant lines and the corresponding wild-type 
control were determined in a modified t-test using the statistical software package SAS. 
Histochemical detection of GUS activity. 
The histochemical detection of GUS activity was carried out with the substrate 5-
bromo-4-chloro-3-indolylglucuronide (X-Gluc, Research Products International Corp, Mt. 
Prospect, IL) according to Jefferson et al. (1987). At different time points post inoculation 
with H. schachtii, both infected and non-infected plants were stained with GUS solution at 37Ԩ 
overnight. After GUS staining, plants were incubated in 70% ethanol to remove chlorophyll 
from the green tissues. Stained tissues were observed and photographed with a Zeiss 
Axiovert 100 microscope.  
Wounding treatment. 
Wounding treatment was performed by repeatedly piercing whole Arabidopsis roots 
with a needle. Three days after wounding, whole roots were stained with GUS solution at 37Ԩ 
overnight. 
Quantitative real-time RT-PCR (qRT-PCR). 
Total RNA was extracted from approximately 100 mg Arabidopsis roots using the 
RNAqueous kit (Ambion, Austin, TX) following the manufacturer’s instructions. Genomic 
DNA contamination was completely removed from the samples by DNase I (Invitrogen, 
Carlsbad, CA) treatment. Gene-specific primers to Arabidopsis PRX53 (At5g06720), PR-1 
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(At2g14610), PR2 (At3g57260), PR3 (At3g12500), PR4 (At3g04720), PR6 (At2g38900), 
PDF1.2 (At5g44420), PAD4 (At3g52430) and ACTIN8 (At1g49240) were designed and used 
in qRT-PCR (Table 1). PCR reactions were run in an ICycler (Bio-Rad, Hercules, CA). PCR 
program and quantification of the relative changes in gene expression were conducted 
according to Livak and Schmittgen (2001). 
Hypocotyl length measurement 
For hypocotyl length measurement, Arabidopsis seeds were planted in petri dishes 
(150 x15 mm) containing modified Knop’s medium. Plates were incubated vertically in a 
growth chamber at 26Ԩ under 16-h-light/8-h-dark condition. Seven days after planting, the 
hypocotyl length of at least 30 plants per line was measured in three independent experiments. 
Statistically significant differences between transgenic line and the corresponding wild-type 
control were determined by unadjusted unpaired t-test (P < 0.05).  
Phloroglucinol histochemical staining of Arabidopsis roots 
Arabidopsis roots, collected at 3, 8 and 14 days after inoculation, were fixed 
overnight in FAA solution (50% ethonal : formaldehyde : acetic acid = 18:1:1) at 4Ԩ. After 
removing fixation solution, 1% phloroglucinol solution was added to the roots for 5 min. 
Stained tissues were observed and photographed with a Zeiss Axiovert 100 microscope 
within 15 min of Phloroglucinol Staining (Newman et al. 2004). 
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Fig. 1. Upregulation of PRX53 mRNA in wild-type Arabidopsis (Col-0) roots in response to 
Heterodera schachtii infection relative to the non-infected control.  
The expression levels of PRX53 were quantified by quantitative real-time RT-PCR (qRT-
PCR) in root tissues of wild-type plants. Infected and non-infected roots were collected at 3, 
8 and 14 days after inoculation (dai). Data are averages of three biologically independent 
experiments. ACTIN8 was used as internal control to normalize mRNA expression levels. 
Mean values significantly different from the non-infected control were determined by 
unadjusted paired t-tests. Asterisks indicate mean fold-changes significantly different from 
those of non-infected wild-type roots (P<0.05). 
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Fig. 2. Histochemical localization of GUS activity in transgenic Arabidopsis plants harboring 
the pPRX53:GUS construct.  
Three independent homozygous T3 lines expressing the pPRX53:GUS construct were 
generated, and GUS activity was histochemically analyzed in both non-infected and infected 
plants. A through F, GUS staining in non-infected plants. Whole mount (A), close-up of main 
root tip (B), emerging lateral root (C, D), flower (E) and developing silique (F). (G) GUS 
staining in root tissue wounded by stabbing with a needle. Arrowhead points to the site of 
wounding. H through J, GUS staining in plants infected with Heterodera schachtii.  Arrows 
point to nematodes and S indicates syncytium. 3 days after inoculation (dai) (H), 8 dai (I) and 
14 dai (J), J3 nematode (1) with syncytium (S1); male (2) with syncytium (S2); mature 
female (3) with syncytium (S3).  
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Fig. 3. PRX53 mRNA accumulation in wild-type roots (Col-0) treated with 100 µM methyl 
jasmonic acid. Data obtained from three biologically independent experiments showed 
significant upregulation in wild-type roots treated with methyl jasmonic acid when compared 
to the non-treated control. PRX53 mRNA abundance was determined by qRT-PCR using 
gene-specific primers. ACTIN8 was used as internal control to normalize gene expression 
levels. Mean values significantly different from the non-treated control were determined by 
unadjusted paired t-tests. Asterisk indicates mean fold-changes significantly different from 
those of non-treated wild-type roots (P<0.01). 
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Fig. 4. Characterization of the Arabidopsis prx53 mutant.  
(A) Schematic representation of the prx53 mutant allele used in this study showing the 
location of Ds transposon insertion. Black boxes indicate exons, lines between black boxes 
indicate introns. PRX53 encompasses four exons and three introns and the Ds transposon is 
located at the third exon, 550 bp downstream of the translation start codon. The translation 
start codon (ATG) and stop codon (TGA) are indicated. 
(B) PRX53 mRNA accumulation in the prx53 mutant. PRX53 mRNA abundance was 
determined by qRT-PCR using gene-specific primers. The PCR products were resolved on a 
syber safe-stained 2% agarose gel. No PCR products were detected after 40 cycles of 
amplification of cDNA from homozygous prx53 mutants, whereas specific amplifications 
were detected after amplification of cDNA from wild-type plants (Ler). Arabidopsis ACTIN8 
was used an internal positive control. 
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Fig. 5. Phenotype of Arabidopsis lines with altered PRX53 expression. 
(A) Hypocotyl length of the prx53 mutant and a representative transgenic Arabidopsis 
PRX53 overexpression line (PRX53OE).  Homozygous prx53 mutant and T3 homozygous 
PRX53OE exhibited longer and shorter hypocotyls, respectively, than the corresponding wild 
type. Data are presented as means of 30 plants ± the standard error (SE). Asterisks indicate 
mean values significantly different from the wild type (P<0.05). (B-G) Flower and silique 
phenotypes. Wild-type (Ler) silique longitudinal view (B) and cross section (C) with two 
carpels.  prx53 mutant silique longitudinal view (D) and cross section (E) with three carpels.  
Single wild-type (Col-0) silique (F) and PRX53OE double siliques (G). 
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Fig. 6. Nematode susceptibility assays of the prx53 mutant and three PRX53OE lines.  
(A) The prx53 mutant showed a consistent trend of increased susceptibility to Heterodera 
schachtii in four experiments (Exp) with Exp 1 showing statistically significant effects. (B) 
Two out of three PRX53OE lines showed significantly reduced susceptibility to H. schachtii. 
Arabidopsis plants were planted into 12-well plates containing modified Knop’s medium, 
and ten-day-old plants were inoculated with ~200 surface-sterilized H. schachtii second-
stage juveniles per plant. Three weeks after inoculation, the number of fourth-stage (J4) 
females per plant was determined. Mean values significantly different from the 
corresponding wild type were determined by modified t-test (P<0.05).  
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Fig. 7. Phloroglucinol staining of lignin (reddish color) of the Arabidopsis wild type (Col-0) 
and a representative Arabidopsis line overexpressing PRX53 (PRX53OE) during Heterodera 
schachtii infection. 
(A-C) lignin staining in Col-0, 3 dai (A), 8 dai (B) and 14 dai (C). 
(D-F) lignin staining in PRX53OE, 3 dai (D), 8 dai (E) and 14 dai (F) 
Plants were inoculated with H. schachtii and 3, 8 and 14 dai phloroglucinol solution was 
added and roots were photographed with microscope. Arrows point to nematodes and S 
indicates syncytium. 
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Fig. 8. Pathogenesis-related (PR) gene expression in a representative Arabidopsis line 
overexpressing PRX53 (PRX53OE). 
mRNA expression levels of PR genes were quantified by qRT-PCR in root tissues of a 
representative PRX53OE line and wild-type plants ten days after planting. Data are averages 
of three biologically independent experiments. ACTIN8 was used as internal control to 
normalize mRNA expression levels. Mean values significantly different from the wild type 
were determined by unadjusted paired t-tests. Asterisks indicate mean fold-changes 
significantly different from wild-type roots (P<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
107 
 
 
 
Table 1. Primers used in this study 
Experiment Gene Direction Sequence 5'-->3'     
qPCR 
PRX53 
Forward TACAAACGATCTGGTAGCCTTATCTGGT 
Reverse GTCCCGCTGAAGTTAAATAGTCTGTTGTTG 
PR1 
Forward TTCACAACCAGGCACGAGGAG   
Reverse GCCAGACAAGTCACCGCTACC   
PR2 
Forward CTTGAACGTCTCGCCTCCAGTC   
Reverse TCCAGAAACCGCGTTCTCGATG   
PR3 
Forward TGCACTCCCGGTGGTACTCC   
Reverse GGTGCCAAAACCGGGGAAGG   
PR4 
Forward TGTTGGGGAAGTGGGCCTAG   
Reverse TGATGTGTCTCGCATCACCCTTG   
PR6 
Forward TCATGGCCGGAGCTTTTAGGAAC       
Reverse CCCTAACGCGGTAGCAACTGAG   
PDF1.2 
Forward TTGCTGCTTTCGACGCA   
Reverse TGTCCCACTTGGCTTCTCG   
PAD4 
Forward GTTGCCAGTCACCGGAGATGTT   
Reverse CGGTTGAATGGCCGGTTATCACC   
Actin8 
Forward AGTGGTCGTACAACCGGTATTGT   
Reverse GAGGATAGCATGTGGAACTGAGAA   
Promoter PRX53 
Forward AGGTCGACAAAGTGATTTGAAACATA 
Reverse ATGGATCCTAATTAGGTTTTGAAAACGA 
Overexpression PRX53 
Forward TATAGGATCCATGGCTGTAACAAATCTTCCTAC 
Reverse TATAGAGCTCTCAACTTCCATTAACCTTCTTACA 
prx53 
screening 
Forward ATGGAACCGGTGGTAGAGAAC   
Reverse GATCAGTCAAGAAATACGCG   
Ds3-4 CCGTCCCGCAAGTTAAATATG   
  Ds5-4 TACGATAACGGTCGGTACGG   
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Table2. Putative regulatory cis-elements present in the 986 bp promoter region upstream of 
the PRX53 translation start codon 
Motif Sequence Annotation Location (strand)   
ABRE ACGTG Abscisic acid response-like element 454, 792 (-) 
ELRECOREPCRP1 TTGACC Salicylic acid and elicitor-responsive element 591 
ERELEE4 ATTTCAAA Ethylene-responsive element 818 
MYB WAACCA Drought and abscisic acid-responsive element 247 (-) 
NEMATODE-box CAATTG Nematode-responsive box 401, 685 
T/GBOXATPIN2 AACGTG Jasmonic acid-responsive element 453, 792 (-) 
W-box TTGAC Salicylic acid-responsive element 591, 135 (-), 846 (-) 
WRKY710S TGAC Defense-responsive element 333, 399, 592, 135 (-), 
      846 (-), 915 (-) 
Putative regulatory cis-elements were identified by the PLACE database (Higo et al. 1998).  
Location denotes the position of the first input nucleotide from the 5’ end of the promoter fragment. (-) denotes the antisense strand. 
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Chapter 5. General Conclusion 
Conclusion 
Suppression of host defense is a key step for pathogenesis in the compatible 
interaction. The involvement of SA as a signal molecule in local defense and in SAR has 
been extensively studied in Arabidopsis shoots following the infection of foliar bacterial, 
viral and fungal pathogens. There is an underrepresented side in plant defense study in root 
tissues. We perform an in-depth characterization of the role of SA in mediating Arabidopsis 
defense response to root pathogen H. schachtii. Our data implied that SA-mediated plant host 
defense response might be disrupted by obligate cyst nematode through the local suppression 
of SA in Arabidopsis roots.  
The formation of feeding sites is complex process associated with dramatic changes 
in plant gene expression. Regulatory proteins, particularly transcription factors, are key 
contributors to the gene expression changes in H. schachtii-induced syncytia and alteration of 
their expression is one of the mechanisms responsible for steering plant cells into ectopic 
developmental pathways. Their specific roles in feeding site formation are difficult to grasp 
without detailed functional studies. We functionally characterized two basic helix loop helix 
transcription factors. These two bHLH transcription factors were upregulated at early 
infection stages and also function through later stages indicated that they play an important 
role to change transcriptional regulation networks in syncytium to promote the cyst nematode 
parasitism. 
Plant defense response is activated from the moment a nematode penetrates the plant 
root. Genome-wide studies showed that activation of some defense genes leads to the 
generation of structural barriers. But detailed information is missing. Here, we functionally 
characterized one peroxidase isoform, PRX53, whose induction by H. schachtii infection 
110 
 
 
 
against cyst nematode parasitism by strengthening cell wall through its cell wall cross linking 
activity.  
 
Recommendations for Further Research 
The research results presented in this dissertation provided evidence to fill in several 
gaps about the compatible interactions between cyst nematodes and their plant host. However, 
these results also raised other questions at the same time. Salicylic acid can hamper cyst 
nematode parasitism, however, in the compatible interaction, cyst nematodes most likely 
suppress local SA signaling in roots. The questions raised by these new findings are how cyst 
nematodes achieve this suppression and which parasitism proteins and plant host proteins are 
involved? Confirming the local suppression of SA would be a challenge ahead, however, 
with laser capture microdissection (LCM) and microaspriation technologies, it is possible to 
isolate syncytia from the neighboring non-infected tissues.   
Regulatory proteins, particularly transcription factors, are key contributors to the gene 
expression changes in H. schachtii-induced syncytia and alteration of their expression is one 
of the mechanisms responsible for steering plant cells into ectopic developmental pathways. 
Our research confirmed the susceptibility as a function of altered bHLH25 and bHLH27 
expression, so the remaining question toward functional characterization of bHLH 
transcription factors obviously is centered on the new gene expression specificities 
conditioned by the bHLH25/bHLH27 dimer. Therefore, microarray technology would be the 
first choice to answer this question. Rather than assaying gene expression in the Arabidopsis 
lines overexpressing one or both bHLH coding sequences, which would be compounded by 
likely interactions with additional bHLH as well as other transcription factors available in the 
plant, we can choose a different approach making use of the insertion mutants identified in 
this study.  As mentioned above, bHLH25 and bHLH27 mRNA abundances are elevated as 
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early as three days after inoculation with H. schachtii.  More importantly, the syncytium 
appears to be the only locale of spatial and temporal co-expression of both genes. 
Consequently, a comparison of root gene expression profiles of the bhlh25 mutant, the 
bhlh27 mutant, and the wild type three days following nematode infection, will allow the 
identification of a group of genes most likely regulated by the bHLH25/27 dimer in the 
syncytium.  In other words, comparing the gene expression profile of infected bhlh25 mutant 
with that of the wild type will identify those genes that are regulated by a transcription factor 
dimer containing bHLH25 as at least one constituent.  These genes most likely are expressed 
in the root apical meristem as well as the syncytium, as suggested by our promoter studies.  
On the other hand, the same analyses of the bhlh27 mutant will reveal genes regulated by a 
bHLH27-containing dimer most likely regulated in the lateral root primordia or the 
syncytium.  Consequently, those genes identified as changing expression in both analyses 
will contain genes whose expression is altered by the bHLH25/27 dimer in the syncytium.   
Another alternative research avenue towards unveiling new gene expression 
specificities conditioned by the bHLH25/bHLH27 dimer is CHIP-sequencing, which 
combines chromatin immunoprecipitation (ChIP) with massively parallel DNA-sequencing 
to identify the DNA fragments bound by the regulatory proteins. Transgenic Arabidopsis 
overexpressing bHLH25 with FLAG tag or bHLH27 with MYC tag can be used. The 
findings from these assays are the potential genes regulated directly by bHLH25/27 dimer, 
which is different from the microarray results we discussed above, because microarray data 
will give the possible downstream genes regulated directly or indirectly by the bHLH25/27 
dimer. 
Homodimerization and heterodimerization among Arabidopsis bHLH proteins have 
been reported and the formation of a wide range of dimer combinations is believed to 
generate distinct mechanisms by which bHLH transcription factors regulate diverse 
transcriptional networks. We discovered another four proteins interacting with bHLH25 in 
yeast-two- hybrid assays. They have not been further pursued functionally due to the spatial 
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and temporal expression patterns different from bHLH25 after H. schachtii infection 
according to their promoter GUS activity assays. Therefore, functional characterization of 
these proteins would shine light on the function of bHLH25 as well.  
We also discovered that constitutively expressing either bHLH25 or bHLH27 altered 
the morphology of Arabidopsis, which implied that these bHLHs are involved in plant 
development. However, genetic redundancy requires generating double or triple knockout 
mutants by crossing single loss-of-function mutants or using RNA interference technology to 
discover the morphological phenotype of Arabidopsis lacking these proteins.  
Since bHLH25 expression in Arabidopsis leaves is increased by the infiltration of 
Pseudomonas syringae pv. tomato DC3000 (www. Arabidopsis.org, AtGenExpress 
Visualization Tool), exploring the involvement of bHLH25 and bHLH27 response to other 
pathogens, such as bacteria and fungi, would be very interesting. Much information could be 
gained if these two genes are involved in a common host response to pathogens.  
Since our data suggested that PRX53 reinforce the cell wall to against nematode 
invasion, so test other pathogen susceptibility, such as root-knot nematode, bacteria and fungi, 
as a function of altered PRX53 expression would be very interesting to see whether PRX53 
involved cell wall modification can also be activated by other pathogens.  
Genome-wide profiling assays such as microarray and massive sequencing 
technology provide tremendous information all over the genome. However, understanding 
the detailed regulation mechanisms underlying the compatible interaction between cyst 
nematodes and plant hosts is extremely important because our ultimate goal is managing this 
parasite by genetically manipulating the vulnerable elements in syncytium formation.  This 
approach will generate nematode-resistant plants, which requires no chemical treatments in 
the field and, therefore, no pollution to the environment.  
 
